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B:00 a.m. Breakfast
Allen Chapman Activity Center - Gallery
8:30 Introductory Remarks Cerm Sarica
8:40 CAPE OPEN Michel Pons, Co-Lan
9:04 TUFFP Progress Reports
Characterization of Oil-Water Flows in Inclined Serdar Atmaca
Pipes
Lagrangian-Fulerian Transient Two-phase Flow Kwon 11 Choi
Mode}
1030 Coflee Break
10:30 TUFFP Progress Reports
Low Liquid Loading Gas-Oil-Water Flow in Hongkun (Tom) Dong
Herizontal Pipes
Low Liguid Loading Gas-Oil-Water F, fow in Feng Xiao
inclined Pipes
New Dimensionless Parameters and & Power Law Abdel Al-Sarkhi

Correlation for Pressure Drop of Gas-Liquid Flows
in Horizontal Pipelines

12:15 p.m. Lunch — President’s Formai Lounge

1:30 p.m. TUFFP Progress Reports
An Experimental and Theoretical Investigation of Bahadir Gokcal
Slug Flow for High Oil Viscosity in Horizontal and
Near-Horizontal Pipes

Multiphase Flow in Hilly Terrain Pipelines Gizem Ersoy
2:45 Coffee Break
3:00 TUFFP Project Reports

Review of Drop-Homophase Interaction Study Abdel Al-Sarkhi

(Effect of Pipe Inclination)

Up-scaling Stadies in Multiphase Flow Abdel Al-Sarkhi

Three-Phase Flow Unified Model Update Holden Zhang
3:30 Questionnaire Abdel Al-Sarkhj
A:00 TUFFP Business Report Cem Sarica
“4:15 Open Discussion Cem Sarica
=30 Adjourn
€40 TCFFP/TUPDP Reception

Allen Chapman Activity Center ~ President’s Formal Lounge
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Executive Summary

Progress on each research project is given later in this
Advisory Board Brochure. A brief summary of the
adivities is given below.

*  Investigation of Gus-Oil-Water Flow”, Three-
phase  gas-oil-water flow is  » COMInon
occurrence in the petrolewm mmdustry.  The
ultimate objective of TUFFP for gas-oil-water
studies is to develop a unified model based on
theoretical and experimental analysis. A three-
phase model has already been developed. A
PhD. student and an MS student have been
assigned to work om this project o investigate
the melined and vertical pipe thres-phase flows.

®  “Characterization of Oil-water T wa-phase Flow
in Horizontal and Stightly Inclined Pipes”. Our
three-phase  mede] requires  knowledge on
oil/water interaction. Moreover, oil-water flow
is of interest for many applications ranging from
horizental well flow to separator design. The
objectives of this study are to assess performance
of current models by checking against
experimental data  and tmprove the models
through better closure relationships, High speed
video and other instruments are utihized to gather
detailed  information  such  as drop  size
distribution as finction of flow patterns.

After Ms. Maria Vielma’s study on horizental
cil-water flow, Mr. Serdar Atmaca has recently
completed a study on oil-water flow for inclined
pipes. Inclination angles of +1%, 2% and -5 are
investigated.  Flow patiern, pressure gradient,
holdup, droplet size mezsurements were made
for various operational conditions. Droplet size
distribution is found to be log-normal. Measured
maximum, minimum and average droplet sizes
are compared with the predictions from the
existing correlations. The resuits mdicate poor
performance of the existing correlations

*  High Viscosity O T wa-phase Flow Behavior”,
Oils with viscosities as high as 10,000 cp are
produced from many fields around ihe world.
Current multiphase flow models are largely
based on experimental data with low viscosity
fluids.  The gap between lab and field data may
be three orders of magnitude or more.
Therefore, the current mechanistic models need
o be verified with higher liquid  viscosity
experimental resulis,  Modifications or new
developments are necessary,

Almost all flow models have viscosily as an
intrinsic variable. Multiphase flows are expecied
to exhibit significantly different behavior for

higher viscosity oils. Many flow behaviors will be
affected by the liguid viscosity, including droplet

formation, surface waves, bubble entrainment, slug
mixing zone, and even three-phase stratified flow.

Earlier study conducted by Gokeal at TUFFP showed
that the performances of exxsting models are not
sufficient for high viscosity otfs. It was found that
increasing ol viscosity had a significant effect on
flow behaviors, Mostly, intermittent flow (stug and
clongated bubble) was observed in his study, Based
on his results, this study will mmitially focus on slug
flow region,

Air and highly viscous oil two-phase experiments
will be performed with the 2-in. ID high viscosity
indoor facility, Pressure drop and slug characteristics
inchuding translational velocity, slug liquid holdup,
slug length and frequency will be measured in this
study. During  this  period, drift velocity
measurements for horizontal pipe configuration have
been made, The drift velocity is found to decrease
with increasing liquid viscosity.

“Droplet  Homo-phase Interaction  Study”, In
multiphase flows, there are many cases where
droplets are entrained from or coalesced info a
continuous homophase. For example in annular mist
flow, the liguid droplets are in dynamic equilibrium
with the film on the walls, experiencing both
entrainment and coalescence, Very few mechanistic
models exist for entrainment rate apd coalescence
rate.  Understanding the hasic physics of these
phenomena is essential to model situations of
practical interest to the industry.  Droplet homo-
phase covers z broad range of possibilities,

Currently, our efforts in droplet  homo-phase
interaction are distributed in various projects such as
oil-water flow, high viscosity oil two-phase flow and
low-liguid loading projects,

In the past a sensitivity study of multiphase flow
predictive models showed that, in stratified and
annular flows, the variation of dropiet entrainment
fraction can significanily affect the predicted pressure
gradient.  Although better entrainment  fraciion
correlations were proposed, it is identified that there
s a need o experimeptally  investigate  the
entrainment fraction for inclined pipes. A new
experimental study will be initiated using the severe
slugging facility,

“Lagrangien-FEulerion Transient Two-Phagse
Model”. This project was formerly titled as “Three-
phase Redistribution in Sub-sea Flow Line -~ Riser
Systems after Shut-in. The main motivation for this




study comes from the need to mitigate hydrate
formation following the cool-down of the fluids
and high pressure surge during the shut-in. The
study of the transient temperature variation along
with the phase redistribution is critical for the
design of the flow line-riser system as well as for
the flow assurance during production cycle.

First, a two-phase transient model is formulated
and solved. The model is capable of stmulating
not only the phase redistribution but also any
other transients. The model is recently tested by
comparing it with severe slugging experimentai
data.  Moreover, the applicability of the model
for the well shut-in is recently demonstrated,
The next step in the research will be modefing of
three-phase transients by following a simlar
approach.

“Low Liquid Loading Gas-Oil-Water Flow in
Horizontal and Near Horizontal Pipes”. Low
liquid loading exists widely in wet gas pipelines.
These pipelines often contain  water and
hydrocarbon condensates.  Small amounts of
liquids can lead to a significant pressure loss
along a pipeline. Moreover, existence of water
can significantly contribute to the problem of
corrosion and hydrate formation, Therefore,
understanding of the flow characteristics of low
liquid loading gas-oil-water flow is of great
mmportance in transportation of wet gas,

During this period the testing was completed for
horizontal flow configuration. A large amount of
data 1s coilected on various flow parameters such
as flow patterns, phase distribution, onset of
droplet entrainment, entrainment fraction, and
film velocity. The results reveal a new flow
phenomenon,

“Multiphase Flow in Hilly Terrain Pipelines .
The three-phase flow in hilly terrain pipelines is 4
Common occurrence in operations. The existence
of water phase in the system poses many
potential  flow  sssurance and processing
problems. Most of the problems will be directly
related to the flow characteristics, Although the
characteristics of two-phage gas-hquid flow have
been investigated exclusively, there are very few
studies addressing multiphase gas-oil-water flow
i hilly terrain pipelines. The general objectives
of this project are to thoroughly investigate,
compare existing models and develop closure
relationships and predictive models for three-
phase flow of gas-oitwater in killy-terrain
pipelines.

The facility modifications are planned and currently
being implemented. New water and oil pummps have
been purchased from Seepex with a significant
discount. A new three-phase separator has been
ordered from Natco. A spill prevention plan is
prepared and being implemented. The remammng
tasks inciude purchasing of the metering equipment,
changing of feed lines with large diameter pipes to
reduce the pressure losses prior to the test section, and
instrumentation of the facility.

®¢  “Up-scaling Studies”. One of the most important
issues that we face in multiphase flow technelogy
development 1s scaling up of small diameter and low
pressure results to large diameter and high pressure
conditions.  Studies with a large diameter facility
would significantly improve owr understanding of
flow characteristics in  actual field conditions.
Therefore, cur main objective in this study is to
investigate the effect of pipe diameter and pressures
on flow behavior using 2 larger diameter flow loop.

Puring this period, a detailed drawing of the facility
is prepared and the location of the faciiity is
wentified. The major equipment such as cireulation
compressor, heat exchanger, three-phase separator,
liquid tanks and a generator have been sized and
identified. Among those, the generator has been
ordered,

®  “Uniffed Mechanistic Model”. TUFFP mamntaing, and
contiruously improves upon the TUFFP unified
model.  Our current efforts are concentrated on
improving the robustness of the unified model
computer programs. After the completion of
modifications, the unified model will be an easy plug
-in to commercial simulators. We are collaborating
with  Schlumberger on Unified Model Program
HIprovements.

Since the last Advisory Board meeting, JOGMEC and
ExxonMobil have joined TUFEP, Therefore, current
TUFFP membership stands at 18 (17 industrial companies
and MMS). DOE supports TUFEP in the development of
new generation multiphase flow predictive tools for three-
phase flow research. DOE's support translates into the
equivalent of four additional members for five years,
effective July 2003, Efforls continue to further increase
the TUFFP membership level.

A detailed financial report is provided in this reporl. We
thank our members for their continued support.  DOE
funding that has supporied our research activities in oil-
water-gas project is ending in 2008, This means a loss of
about $145,000/year income. To be able to continue at
the same capacity and pace, the membership fee will be
increased fo $48,000/vear effective 2008,

P




Several related projects are mnderway.  The related
projects invelve sharing of facilities and personnel
with TUFFP. The Paraffin Depesition consortium,
TUPDP, is into its third phase ‘with expected 12
members.  The Center of Research Excellence
{TUCGREY mnitiated by Chevron af The University of
Tulsa funds several research projects. TUCoORE

activities in the area of Heavy Gil Multiphase Flow have
resulted in a new Joint Industry  Project (JIP) 1o
investigate Heavy Oil Multiphase Flow in more detajl.
The JIP currently has three members. Chevron has
already made $38%0,000 commitment te upgrade an
existing facility to be used in the project.
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Welcome

Advisory Board Meeting, November 6, 2007

Safety Moment
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¢ Emergency Exits
6 Assembly Point — Grassy Area to Northwest
¢ Tornado Shelter
» Room 115, Southeast Emergency Stairwell
» Lower Level Restrooms
¢ Campus Emergency
» Call 9-911
» Campus Security, ext. 5555 or 918-631-5555
4 Rest Rooms

% Fluld Flow Prejects Advisory Board Meeting, November &, 2007
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introductory Remarks

é 69" Semi-Annual Advisory Board
Meeting
¢ Handout
» Combined Brochure and Slide Copy
¢ Sign-Up List
> Please Leave Business Card at
Registration Table

@ Fluid Flow Projects Advisory Board Meeting, November §, 2007
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¢ Research Associates
> Cem Sarica (Director)
> Holden Zhang (Associate Director)
»>Jim Brill (Director Emeritus)
> Abdel Salam Al-Sarkhi
» Mingxiu (Michelle) Li
»Shejiao Du

% Fiuid Flow Projects Advisory Board Mecting, November B, 2007




Team ...

B P O e N L S I SO0 P 3k S S R e S

6 Project Coordinator
» Linda Jones

¢ Project Engineer
» Scott Graham

é Research Technicians/Flow Loop
Operators

» Craig Waldron
»Brandon Kelsey

'§'§ 3 Flufd Flow Projects Advisory Board Meeting, November 6, 2007

Master
»James Miller

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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¢ TUFFP Research Assistants
» Serdar Atmaca (MS) - Turkey
» Kwonil Choi (Ph.D.) - Brazil
» Dongkun (Tom) Dong (MS)~ PRC
» Gizem Ersoy (Ph.D.) - Turkey
» Bahadir Gokcal (Ph.D.) - Turkey
> Kyle Magrini (MS) - USA
» Anoop Sharma (MS) — India
> Feng Xiao (MS) — PRC
> Tingting Yu (MS) - PRC

%I Fluid Fiow Projects Adviscry Board Meeting, November 6, 2007

Guests
¢ Jeb Bracey, BHP Billiton Petroleum
¢ Kamran Mirza, Seepex
¢ Michel Pons, CoLAN

% Fluld Flow Projects Advisory Board Meeting, November g, 2007
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Agenda

é 8:30 Introductory Remarks
¢ 8:40 CAPE OPEN
6 8:45 Progress Reports

»An Experimental Study of Oil-Water Flows
in Slightly Inclined Pipes

»Lagrangian-Eulerian Transient Two-phase
Flow Model

$ 10:30 Coffee Break

g’g Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Agenda ...

é 10:40 Progress Reports

> Low Liquid Loading Gas-Oil-Water Flow in
Horizontal Pipes

> Low Liquid Loading Gas-Oil-Water Fiow in
Inclined Pipes

» New Power Law Correlation for Pressure
Drop of Gas-Liquid Flows
é 12:15 Lunch
Allen Chapman Activity Center

(ACAC) - Presidents Formal
Lounge

11 Fleid Flow Projects Advisory Board Meeting, November G, 2007




Agenda ...

¢ 1:30 Progress Reports

> Effect of High Oil Viscosity on Two-
phase Qil-gas Flow Behavior

> Multiphase Flow in Hilly Terrain
Pipelines

& 2:45 Coffee Break

g fiuid Flow Projects Advisory Board Meeting, November 6, 2007
Agenda
T g g 5 ST g S g e

é 3:00 Progress Reports ...
» Droplet-Homophase Interaction Study
» Up-scaling Studies
> Three-phase Flow Unified Flow Update
é 3:50 Questionnaire
¢ 4:00 TUFFP Business Report
é 4:15 Open Discussion
é 4:30 Adjourn
6 6:00 TUFFP/TUPDP/TUHFP Reception

(ACAC — President’s Formal
Lounge)

% Fluid Flow Projects Advisory Board Meeling, November 8, 2007







Characterization of Oil-Water
Flows in Inclined Pipes

Serdar Atmaca

Advisory Board Meeting, November 6, 2007

: ]
Outline
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é Objectives

¢ Introduction

¢ Literature Review Summary

¢ Experimental Facility Modification
é Experimental Study

¢ Experimental Results

é Conclusions

[/

%@g Fluid Flow Projects Advisery Board Meeting, November §, 2087
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Objectives

6 Acquire Detailed Experimental Data
Including Droplet Size Distributions
and Velocity Fields in Inclined Pipes
for Different Operating Conditions

¢ Develop New Closure Relationship for
Phase Distribution

é Improve Existing Oil-Water Flow
Models or Develop New Ones if
Necessary

% Fluaid Flow Projects Advisory Board Meeting, November 6, 20067

Introduction

A ‘;v-‘ T A ?ﬂg\«g&;@\,‘ Wt o D e, it o O g

é Knowledge of Qil-Water Flow
Mixtures Helps

>Develop Better Two-Phase Liquid-
Liquid Models

»Understand More Complex Gas-Oil-
Water Flow

»Design Pipelines and Facilities

i%? Fluid Flow Projects Advisory Board Meeting, November 6, 2007




Literature Review Summary

é Experimental Data mostly on Holdup
and Pressure Drop

¢ Studies Mostly for Horizontal
Configuration

é No Consensus on Flow
Characterization for Partially
Dispersed Flow Pattern

¢ Very Limited Experimental Data on
Droplet Size and Distribution

% Fluid Flow Projects Adviscry Board Meeting, November 6, 2047

Experimental Study

— T —— — e
R G e e G g g g g

é Velocity Ranges

> Superficial Oil Velocity
40.03 -1.75m/s

> Superficial Water Velocity
40.03-1.75m/s

é Inclination

»Horizontal Flow and Slightly Inclined
400, £1°, £20 and -5°

% Fluld Flow Prajects Advisory Board Meeting, November §, 2007
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Uncertainty Analysis

Veasurement Randem | Systematic | Degrees of Overall
mieasuremen Uneertainty | Uncertainty| Freedom | Uncertainty (Uy;)
Pressure Brop (Pa/m) 0.00503 0.04677 Infinity 0.04784
v, (m/s) 0.00003 9.06065 Infimity 0.00008
v, {mis) (.00003 5.60001 Infinity (.00007
¥y {11/} (190005 {.60005 Infinity 0.00011
H, 9.00459 0.02294 Infimty 0.024706
CJ/H, 0.00644 (.02359 Infinity 0.02688
g’; Fluid Flow Projects Advisory Board Meeting, November 6, 2087

Experimental Results
é 324 Data Points
é 0°, +1°, £2° and -5° Inclination Angles
Covered
é 0° Used for Comparisons

¢ Upward and Downward Representative
Inclinations will be Presented

% Fluid Flow Projects Advisory Board Mesting, November 6, 2067
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Experimental Results...

¢ Flow Patterns

é Pressure Gradients

é Water Holdup

é Phase Distributions

¢ Droplet Size and Distributions

@ Fiuid Flow Projects Advisory Board Meeting, November 6, 2007

Flow Patterns

Vgo= 0.025 m/s Vgo= 0.250 m/s
Vew™ 0.025 m/s Vg™ 0.500 m/s
(ST) (ST&MI)

% Fiuid Fiow Projects Advisory Board Meeting, November §, 2007
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Flow Patterns...

Vgo= 0.050 m/s Vo™ 1.000 m/s
Veu= 1.000 m/s Vo= 0.400 m/s
(DO/WEW) ~ (DO/W &DWI/0)

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Flow Patterns...

Vso= 0.050 m/s Vso= 1.750 m/s
Vsw= 1.750 m/s Vg™ 0.100 m/s
(DO/W) {(DW/0)

i

Fiuid Flow Projects Advisory Board Meeting, November &, 2007




Flow Patterns...

Vso= 0.100 m/s  vgo=0.500 m/s
V= 0.250 m/s Veuw™ 0.025 m/s
(TRNS ST to ST&MI) (DW/O&O)

% Fluid Flow Projecis Advisory Board Meeting, November 6, 2007

Experimental Flow Pattern Map
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Comparison of Flow Pattern
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§ Fluid Fiow Projects

Comparison of Flow Pattern Boundaries
Zhang et_w\al Model (9=-2°)

10
e
W
E
z -
Laost
4.1 - # & e A < Dom L m e TRSHDOwAY
i Lo sTaAMI
Jo P
ke : L wolm
5‘
0.01 T ¥
) 1 10

G.1 Vso {m/s)

0.0t
Advisory Board Meeting, November 6, 20087

{17 Fiuid Flow Projects




Comparison of Flow Pattern Boundaries
Zhang et al. Model (6=+2°)
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Pressure Gradients
(VSO"’O 025 m/s Horlzontal)
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Experimental Pressure Gradients
(8=+2°)
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Experimental Pressure Gradients
(6=-2°)
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Experimental Pressure Gradient
 Comparison (8=-2°)

dp/dL (Pa/m)

—*-vsos= 0.025 m/s_ Model

= vsom 0,025 m/s_Experimental Data

-400 R som 0100 mis Model _
600 - Tw’“»’ e 50+ 0,100 m/s E)ia.penmcnta] Dat_g_’
0.00 0.50 1.00 1.50 2.00
vsw {m/s)

‘E‘g g Fluid Flow Projects Advisory Board Meeting, November §, 2007
Experimental Pressure Gradient
Comparison (8=-2°)
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Comparison of Pressure Gradients
Zhang et al. Model (Horzzontalﬂ_)ﬁ &_
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% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Comparison of Pressure Gradients
| Zhang et al Model (9“+1 °)
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Pressure Gradient_Mode!l

Comparison (Unified Model)
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@ Fluid Flow Projects

Advisory Board Meeting, November B, 2007

Experimental Water Holdup (0=-2°)
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Experimental Water Holdup (6=+2°)
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Experimental Water Holdup Ratio (6=-2°)
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Experimental Water Holdup Ratio
(8=+2°)
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Normalized Drift Velocity (6=-2°)
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Mormalized Drift Velocity (6=+2°)

""" A GGl o o g e g g gt s

0.000 -
-3.500
=
-1.000 -
-1.500 o vso=0.050 mis
i PoeES-vso=0.500 mfs
2 068 _ e T E'.”?S{) m/s
0.000 0.5060 1.800 1.500 2.000 2.500 3.060
Vm (m/s)

@ Fluid Flow Profects Advisory Board Meeting, November §, 2007
Comparison of Water Holdup
Zhang et al. Model (9“+1 °)
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Comparison of Water Holdup
Zhang et al. Model (8=-1°)
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Water Holdup Model Comparison
(Unified Model)
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Phase Distribution. ..
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Droplet Size

robabil_istic Distribgﬁyq
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Droplet Size
Probabilistic Distributions

é O/W

6 W/O

6 ST&MI

¢ DO/WE&W

6 DO/W&DW/O
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Droplet Size Distributions — Repeatability
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Droplet Size Distributions O/W
(vso“a 025 m/s, v, =1.750 m/s, 8=+2°)
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Variation of SMD with v__ and
Inclmatlon Angles for Oo/wW Drspers;ons
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Droplet Size Distributions W/O
(v =1.750 m/s, VSW"'G 100 m/s, 6=+2°)
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Variation of SMD with v, and
Inclination Angles for W/O Dispersions
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Droplet Size Distributions ST&MI
(V5,=0.500 m/s, v, =0.100 m/s, 8=+2°)
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Variation of SMD with v_, and Inclination
Angles for ST&MI (v,,=0.500 m/s)
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Variation of SMD with Pipe Section
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Droplet Size Distributions — DO/W&DW/O
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Variation of SMD with v, and
Inclination Angles for Water Droplets
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Droplet Size Comparisons with Models
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6 Kouba (Maximum and Minimum)

é Brauner (Maximum for Both Dilute
and Dense Dispersions)

6 Angeli & Hewitt (Maximum and SMD)
é Kubie & Gardner (Maximum)

é Hinze (Maximum)
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Maximum Droplet Size Comparisons
Q/W Dispersions
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Minimum Droplet Size Comparisons
O/W Dispersions
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SMD Comparisons
O/W Dispersions

v,,=1.750 m/s, 6=-1°
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Maximum Droplet Size Comparisons
WIO '}Dlspers:ons
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Minimum Droplet Size Comparisons
W/O Dispersions
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SMD Comparisons
W/O Dispersions
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Droplet Size Model Comparisons

é Absolute Average Percentage Errors

> dax (O/W) Hinze 19.00%
5 d . (WIO) Brauner 41.46%
> d, (O/W) Kouba 43.49%
>d_.. (W/O) Kouba 57.55%

> SMD (O/W) Angeli&Hewitt 199.32%
> SMD (W/O) Angeli&Hewitt  61.74%

g Fluid Flow Projects Advisory Board Meeting, November 6, 2007
Conclusions

é Flow Patterns

» 8T, ST&MI, DO/W&W, DO/W, DW/O,
DO/W & DW/O, TRNS ST to ST&MI and
DW/O&O0O Observed

» Trallero Model Under-predicted ST
Region

»Zhang et al. Model Under-predicted
DO/W Boundary

% Fluid Fiow Projects Advisory Board Meeting, November 6, 2007




Conclusions ...

¢ Pressure Gradient
» Increases with Increasing v, and v,

» Existence of Minimum Pressure
Gradient for in Downward Flow

»Zhang et al.
4 Predicts Well in ST and ST&MiI
4 Over-predicts DO/W

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Conclusions ...
B R o e e e

é Water Holdup

» Increases with Increasing v, and
Decreases with Increasing v,

» vy > 0 For Low/Medium Flow Rates for
Downward Flow

»Vy < 0 For Low/Medium Flow Rates for
Upward Flow

»Zhang et al. Predicts Water Holdup
within 15% Error Band

% Fluid Flow Projects Advisory Board Mesting, November 8, 2007




Conclusions ...

6 Droplet Size Distribution
» Log-normal for All Flow Patterns

» Increasing Trend in SMD for O/W and W/O
with Increasing v, and v,

» Decreasing Trend in SMD for ST&Ml

» SMD has Increasing Trend from Bottom to
Top for DO/W&EW

»No Clear Trend Observed for Inclination
Angles

%’g Fiuid Flow Projects Advisory Board Meeting, November 6, 2607

Questions & Comments
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Characterization of Qil Water Flow in
Inclined Pipes

Serdar Atmaca

PROJECTED COMPLETION DATES:

TLHETAINIE REVIEW ooceeveieecve oo Completed
Facility Modification. ..o oo s Completed
TOSTRE e Completed
Model Comparison and Developmient. ... oo Cempleted
FIal REPOTLoc.iciiii e e Completed

Objectives

The main objective of this study is to investigate the
oilwater flow behavier in inclined pipes and collect
experimental data on oil-water flow including droplet
sizes, pressure drop, liquid holdup, phase distribution
and velocity fields to understand the physics and
phenomena of oil-water flow. The existing models
will be tested against the data, and attempts will be
made to improve the existing models or develop new
ones if necessary,

I ntroduction

Two-phase liquid pipe flow is defined as the
simultaneous flow of two immiscible liquids in pipes.
Omne of the common occwrrences in the petroleum
mdustry during fransportation and production is oil-
water flow In pipes. Moreover, two-phase liquid-
liquid flow is comumon in process and petrochemical
industry. Perhaps the most relevant and important
application is transportation of oil-water through
pipelines. Although the accurate prediction of cil-
water flow is essential, oil-water flow in pipes have
not been explored as much as gas-liquid flow as seen
from a detailed Hterature review that can be found in
April 2007 ABM report.

In tus study, 324 data points were collected and used
in the analysis of pressure gradient, water holdup,
phase distribution and droplet size distribution. In
the literature, there is Hmited data for inclined flow
especially for the droplet size and its distribution and
phase distribution.  All the results are compared
agamst the available models fo  check  the
performances of the models,

45

Experimental Study

The gas-oil-water facility is used for the experimental
part of this study. The TUFFP gas-oil-water flow
facility has been used for different studies by Vielma
(2007), Keskin (2007), Alkaya (2000}, Flores (1997)
and Trallero (1995). In these studies horizontal,
inclined, deviated and vertical oil-water and gas-cil-
waler experiments were conducted.

Experimentai Facility and Flow Loop
The facility (as shown in Fig. 1) consists of a closed
flow loop with the following components: pumps,
heat exchangers, metering sections, filters, fest
section, separator and storage tanks. The test section
Is attached to and inclinable boom. Aluminum nets
cover around the entire pipes to protect against a
possible burst.

There are oil and water storage tanks equipped with
valves at the outlet of each tank to control the flow
rates. After the storage tanks, progressive cavity
pumps are located to maintain the lquid flow rates.
After the progressive cavity pumps, there are manual
bypass valves to obtain low flow rates, and pressure
relief valves for excessive pressure control
Following the valves, there are 2 copper-tube type
heat exchangers to control the temperature of the
fluid during the tests. After the heat exchangers,
manual bypass valves allow the fluids to be pumped
back to the respective tanks. Two separate metering
sections are equipped with Micro Metion Corriolis
flow meters to measure mass flow rates and densities
of the fluids and with temperature transducers for
monitoring the temperatures of the fluids. Qi and
water flow through filters after the metering section,
At the mlet of the test section oil and water flow




through the mixing tee fo form the oil-water two-
phase flow. The current test section is composed of
two 21 1-m (69.3-f1) long straight transparent pipes,
connected by a 1.2-m (4.0-ft) long PVC bead to
reduce the disturbance to the flow pattern due to a
sharp turn.  The pipeline has a ¢.0508-m (2.0-in)
internal diameter. The upward branch of the lest
section consists of a 13.8-m (453-fi) long flow
developing section (L/D = 272.0), two short pressure
drop sections 5.2-m (17.0-f1) and 3.3-m {(11.0-f1)
long, one long pressure drop section combining the
two shorl sectiops, one 5.5-m {I&1-f1) long fluid
trapping section (/D = 108), and a 1.8-m (6.0-ft)
long measurement section. The downward branch of
the test section is designed and built gimilar to the
upward branch. The transparent pipes are
instrumented 1o permit continucus monitoring of
temperature, pressure, differential pressure, hoidup
and inclination.

All the modifications related with the three phase
gas-oil-water facility for this study can be found n
April 2007 Advisory Board meeting report.

Test Fluids

The fluids that are used in the experiments consist of
refined mineral oil {Tulco Tech 80) and tap water.
The same oil used by Keskin and Vielma is used in
this study for maintaining the same fluid properties.
All the oil has been replaced with the same fresh oil
for this study. The physical properties of the oil are
given below:

o 322 °API gravity.

s Density: 858.75 Kg/ma@ 15.6 °C.

o Viscosity: 13.5 ep (@ 40°C.

«  Surface Tension: 29.14 dynes/cm @ 25.1°C.

o Interfacial Tension with water: 16.38 dynesicm
@ 25.1°C.

s  Pour Point Temperature: -12.2 °C.

»  Flash Point Temperature: 185 °C.

The characterization measurements of Tulco Tech 80
mineral oil have been performed in ChevronTexaco
labs. The changes in density and viscosity with
temperature at three different flow ratles are given in
Figs. 2 and 3, respectively,

Testing Range
In this study, a large number of data points are
collected at various conditions in terms of both fluid
velocities and inclination angles. Superficial oil and
water velocities range from 0.025 to 175 m/sec.
These il and water flow rates were determined in
order to obtain the flow pattern boundaries cleatly,
Moreover, the limits of the {acility were taken into

LUI‘]SidLI’dUOil Pipe inciination angles of 0% 41%, 42°

and 5" were covered in this study,

Droplet Size Data

Droplet size and its distribution is ene of the main
interests for this study. Image analysis technique by
using high speed camera was used to determine the
droplet size and its distribution as used in Vielma,
This technique was chosen because of Hs non-
intrusive nature which does not disturb the droplets
during the flow.

One of the ways (o compare drop size distributions is
to use a characteristic mean diameter called Sauler
Mean Dimmeter (D or SMD)Y.  SMD can be
described as the diameter of a drop having the same
volume to surface area ratio as the whole population.
The SMI} can be thought of as the ratio of the
particle volume to surface area in a distribution.

J/ Néﬂ,. (1)

Where N is defined as the number of droplets in a
bin i and & s the middie droplet diameter of its size
range.

SMD =

In this study, three probabilistic distributions, which
are pormal, lfognormal and Rosin Rammler, were
used to characterize the experimental droplet size
data. Detailed descriptions for the used probabilistic
distribution are given as follows;

Narmal Distribution

The Normal distribution (sometimes referred as the
Gaussian distribution) is a continuous, symunetric
distribution with various uses in all aspects of
statistics. It is completely specified by two
parameters: the mean (1) and the variance o’ The
mean of a Normal distribution is located at the center
of the density and can be any real number. The
variance of & Normal distribution measures the
variability of the density distribution and can be any
positive real number. The standard deviation o is the
square root of the variance and is used more often for
its interpretabiiity,

For a Normal randem vanable,
depsity function (PDF) is

1 [ E(d—;z\';zg

the probability

The curnulative distribution function (CDF} of a
Noermal random variable is

Fldy=o{d - ulfo). (3)




Where, (0 is the Laplace integral.

dld )= L re"’”"%fz. ()
2z ¥

Log-normal Distritution

The Log-normal distribution is Fequently used o
represent the size of solid particles. The Log-normal
distribution derives from the Normal or Gaussian
distnbution by replacing the independent variable
with the logarithm of the particie diameter.

Fer a Log-normal random variable the probability
density function (PDF) is

fldy=——
do2x
The cumulative distribution function (CDF) of a Log-
normal random variable is

F(d)=o(lnd - u/o). (6)

Rosin-Rawmmler Distribution
The Rosin-Rammler distribution is described by the
following relation (Mugele and Evans, 1951)

F(d)zl—cxp(w(d/a)a). (7

Where, £7(d) is the cumulative volume fraction of

the drops that have diameters less than d and X, &
are the parameters of the distribution; ¢ is the size
corresponding to (1-F(d)) =0.3679 and & is the slope
of the line. Therefore, this distribution can be
described only by the two parameters & andd. Ifs
simple form makes it appealing for engineering
calculations (Angeli and Hewitt),

In order to determine which probability distribution
represents the droplet size data best, goodness of fit
(GOF) test was performed. To determine the best
distribution type for the droplet sizes a software
EasyFit 3.0 was used. In this software there are three
types of GOF fests which are; Chi-Squared,
Kolmogorov-Smimov  and the Anderson-Darling
Tests. Chi-Squared GOF was selected as a first test
to determine the distribution type.

Uncertainty Analysis
There 1s an inherent associated error in every
measurement.  The definiion of error is the
difference between the frue value of a parameter and
the measurement obtained, Since the true value or
the error is unknown in any experimental study,

uncertainiies and uncertainly analysis should he used
to determine the limits of errors, and show the
reliability of experimental data. In this study, an
uncertainty analysis was performed for pressure
gradients, temperature  values, holdup, flow
measuremnent, droplet size measurement and phase
velociies,

Errors can be divided into two parts, random and
systematic errors. Random errors affect the test daia
randomly. On the other hand, systematic errors stay
the same during the test. Random uncertainty
estimates the Hmifs of random errors and systematic
uncertainty estimates the limits of systematic errors.
The following is the detailed explanation for random,
systematic and combination of both random and
systematic errors.

Random Uncertainty

Experimental data can be used to obtain the random
uncertainty. Assuming a Gaussian distribution for N
number of data peints of a parameter, the standard
deviation 1s,

S, = b:(}(i - Xy /(J\ru_l)}”2 : (8)

The standard deviation of the average can be
obtained using,

S.=8,/N. )

Systematic Uncertainty

Systematic errors affect every measurement of a
parameter in same manner. Therefore, experimental
data can not be used to estimate the systematic
uncertainty. There can be several sowrces for the
systematic uncertainty during experiments. In this
study, the main error source for the systematic error
is the calibration of the instruments.

The systematic uncerfainty was calculated from the
calibration errors for pressure, differential pressure,
and femperature measurements. For liguid holdup
measurement the systematic uncertainly was
estimated based on the experience.

Combination of Random and Systematic
Uncertainties

Random and systematic uncertainties should be
combined to evaluate their combined effzct to the
experimental data. The total random uncertainty can
be calculated as follows:

S,.?,fe - [Z(SE,;)ETQ ’

(10)




The total systematic uncertamty can be defined as
follows, where b, is the systematic error for each

source of systematic uncertainty,

p=[Ter]” an
Therefore, the combined uneerfainiy is,

Use =+t (B/2 + (5, F]" (12)
Where; £, is the student’s t distribution with a 95%

confidence interval. The test data can be expressed
as X — U e SXsX+U o5 + Lhen, the X value wilk

be between (XAU%) and (Xw—i-Ugs) 95% of the

{ime.

Uncertainty Propagation

For any experimental study, it is essential to combine
the effect of different parameters in order to calculate
propagation of the desired parameter. There are three
commonly used methods for the uncerfainty
propagation: Taylor’s Series uncertainty propagation,
Dithering, and Monte Carlo simulation. For this
study, Taylor's Series method was used to caleulate
the uncertainty propagation for the pressure drop,
superficial velocities, mixture velocity, holdup,
holdup ratio, and actual oil and water velocities.

if ¥ is a function of independent variables a, &, c....,
the uncertainty of y will be described as a function of

independent uncertainties of a, b, c...., and are
expressed as follows:
T
U, = fiff;ﬂ ©,)} (5}’\ U,y J@}(U P (13)
Y )

Table 1 shows all the uncertainty analysis results for
the measurement in this experimental study. Al} the
uncertainty propagation is shown in Table 2.

Error Analysis

For each mode! i droplet size comparison, an error
estimate was performed by using six parameters;
these parameters are presented in Table 3.

Experimental Results

The experimental data of flow pattern, pressure drop,
holdup, phase distribution, drop size and distribution,
actual velocities and droplet size comparison against
existing models are discussed for different inclination
angles (07, =1°, £2° and -5% in this section, Trallero
and Zhang et al. (2003) flow pattern prediction
models were compared against the experimental data

o

e

obtained in this study. Zhang et al. model was also
used lor pressure gradient and holdup comparison.
Hinze (19535), Kubte and Gardner (1977), Angeli and
Hewit (20003, Brauner 2001) and Kouba {2003

models  were  used  for  dag, desy and  SMD
COMPArisons,
For the experimental results  section, only

representative inclination angles will be discussed for
upward and downward flow. A complete set of the
data and graphs can be found in Atmaca (2007

Flow Pattern

Experimental flow pattern maps were gencrated by
examining the images and videos obtained from high
speed camera. The superficial velocities for each
phase vary between 0.025-1.75 m/s. Figure 4 shows
the experimental flow patterns for -1° of inclination
angles respectively. By changmg superficial
velocities of each phase following flow patterns were
observed:

e  Stratified Flow (ST) (Fig. 5)

e Stratified with Mixing Interface (ST&MY) (Fig.
6}

e Dispersion of Oil in Water over Water Layer
(DO/W&W)Y (Fig. 7)

+  Dwual Dispersion (Dispersion of oil in water and
Dispersion of water in oil) (DO/W &DW/O)
(Fig. 8)

»  Dispersion of oil in water (DO/W) (Fig. 9)

s Dispersion of water in ot (DW/Q) (Fig. 1)

+  Transttion stratified to stratified mixing interface
(TRNS ST to ST&MI) (Fig. 11)

*» Dispersion of water in oil under oil layer
{DWO&OD) (Fig. 12)

Experimental flow pattern maps were compared
against Trallero’s model and Zhang et al unified
model.  Trallero’s model predicted the most of the
flow pattern boundaries well except stratified flow
pattern (ST) (Fig. 13).

Although Zhang et al. mode! was developed for three
phase gas-oil-water, for this study, only oil-water part
is used. In oil-water unified model, there are only
two boundaries which stand for the boundaries of oil
in water (O/W} and water 1 oil {W/0). Zhang et al.
model predicted the water m oil (W/0) boundary
well in all imchination angles, while oil in water
(O/W) flow pattern boundary was under-predicted.
Figures 14 and 13 show the comparison of
experimental flow patiern agamst Zhang et al. unified
model prediction for -2% and +2° inclination angles,
respectively.




Pressure Gradients
Figure 16 shows the pressure gradient data for

Alkaya and Vielma data for the sunilar conditions.
As expected, the pressure gradient increases with
imcreasing superficial water velocity. The differences
are mainly due to the different oif viscosties. The
best match was observed with Vielma since the same
o1l is used in this study,

Total pressure gradient for two-phase flow has three
components; frictional, acceleration and gravitational
pressure gradients. For horizontal oil-water flow,
acceleration and gravitationzl components can be
neglected. For inchned flows, while the acceleration
component can still be neglected, the gravitational
component becomes very significant. For Inclined
flow, the measured pressure drop was corrected for
the hquid 1n the pipe. Since the pipe is filled with
oil-water mixture, the total pressure gradient can be
obtained from the measured pressure drop using;

2P x%+p?ngsi11ﬁ.
AL AL

Figure 17 shows the pressure drop for different
superficial oi! velecities as a function of superficial
water velocities for +2° (upward flow). The general
behavior, which is the increase in total pressure
gradient with increasing superficial water velocity, is
similar to that of horizontal configuration. For low
superficial water and oil velocities, the dominant
pressure gradient component is the gravitational
component. As the velocity of each phases increase,
the frictional component starts becoming dominant

(14}

Figure 18 is the pressure gradient graph for the -2°
downward flow. Since negalive pressure gradient
values can exist, pressure drops were plotted in
Cartesian scale. In downward flow, the existence of
a minimum pressure gradient for a certain superficial
water and o1l velocities was observed.

The experimental pressure gradient data oblained in
this study for different inclination angles were
compared against the Zhang et al. model. Figure 19
shows the pressure gradient comparison against
Zhang et al. model for horzontal case. The model
predicts the pressure gradient within 220 % error
band.  Figure 20 is the comparison of pressure
gradient obtained for +1° of inclination angle with
Zhang et al. model. The model predicts the pressure
gradient within =15 % ermror band. For most of the
cases the pressure gradients were over predicted by
the model. The model predictions were observed io
be reasonably well for low superficial velocities
while they were worsened as the superficial velocities

49

meressed.  Table 4 shows the error analvsis of the
Zhang et al, model against experimental data,

Figure 21 is the comparison of Zhang et al. model
against experimental data for minimum pressure
gradient behavicr. The model shows minimum
pressure gradient behavior but not as pronounced as
the experimental data. Figure 22 shows only the
minimum pressure gradient area for v,,~0.025 m/s

Water Holdup
Quick closing valves are used for hoidup
measurements with raising the boom. A measured
lape was atfached parallel to the boom to measure the
oil and water level in frapping section.

Figures 23-24 and Figs. 25-26 show the water holdup
and water holdup ratio, which is the ratio of no-slip
holdup to experimental heldup, for -2° and +2° of
mclination angles, respectively. Due to separation
problems, holdup data was not collected for
Veo=1.750 my/s and v,.=1.750 m/s for 2% inclination
angles. In C,/H, graph, for +27 inclination angle, all
the values start from less than one which means oil
flows faster than water. Moreover, the other values
are very close to one which means there is no or
negligible slippage. Water mostly flows slower than
oil for +2° inclination angle. For -2° inclination angle
this ratio starts more than one which means water
flows faster,

For the better understanding of slippage of the phases
in different operating conditions, the normalized drift
velocity was plotted against the mixture velocity.
The normalized drift velocity, vy, and mixture

velocity, vy, are defined in Egs. !5 and 16
respectively.

vy = (v, v, v, . (15)
Vm = Vs'w + Vm * (16)

Three different (fow, medium and high) superficial
oil velocities (vy,) were used in normalized drift
velocity graphs.  Figure 27 shows the normalized
drift velocity -2° inclination angle. As expected, the
largest vy values can be seen for the lowest mixture
velocity values for each mdividual superficial oil
velocities. Generally, for cach representative
superficial oif flow rate, as the mixture velocity
mcreases, normalized slp velocity approaches to zero
which means there is no or negligible slippage
between the phases. For v,=0.050 wvs, the
normalized slip velocity starts from high positive
values, which means water flows much fasier than
oil. This is mainly due to the gravity effect.




Figure 28 is the normalized drift veloeity graph with
respect to mixture velecity for +2° inclination angle.
Az observed i -2 downward flow, the normalized
drift veloaty  approaches zero with  increasing
mixture velocity. Normalized diift velocity for v=
0,050 m/s starts from large negative values, which
means oil flows much faster than water. This
difference between +2° and -2° inclination angle
explaing the physics of the flow. For upward {low
{+2%, since the density of the water is greater than
the density of o1l, the gravitational force behaves like
drag force for the water phase. The drag force slows
the flow of the water with respect to the oil. The
similar argument can be made for the downward flow
{-27).

The experimental water holdup for different
inchination angles were compared against Zhang et al.
model. Figures 29 and 30 show the compansons for
+17 and -1° inclination angles, respectively.  Solid
hines stand for the model predictions for the
boundaries. The model predicts the holdups within
£15 % error band for both configurations. Table 5
shows the performance of the Zhang et al model
agamst experimental data.

Phase Distribution

Conductivity probes were used to determine the
phase distribution across the cross section of the pipe.
Conductivity probes can determine the continuous
phase in the pipe during different operating
conditions. Same conductivity probe configuration
was previously used in Vielma. For stratified {(ST)
and stratified with mixing interface (ST&MI) flow
patierns, conductivily probes performed weli, Due fo
the turbulence and the formation of drops,
conductivity probes did not give reliable results for
dispersion type flow patterns. The probes can not
detect the small droplets,

Collecting conductivity probe data for cach data point
is a very slow process. Therefore, the phase
distribution data were collected for three different
cilfwater ratios (v=0.0530 m/s and v,.=0.050 mfs,

V5= 0,050 m/s) for cach inclination angles using the
new mmproved grid system (Fig. 31) with 120 data
points in order io increase the accuracy of the data
pomis.

Figure 32 shows the phase distribution of the phases
for -2° inchnation angle. The estimated laver was
tried to be plotted with continuous line on each
figure. In the middie of the fHigure, concave or
convex structure was observed but thig i because of
the interpolation between the data points. Figure 33

shows the phase distribution of each phases for +2°
mclination angle for upward flow.

Hot Film Anemometer
An attempl was made to measure in-situ velocities of

the phase by using hot film snemometer. This
technique  was  abandoned due to  several

disadvanfages of this technique for oil-water flow
such as; fragile nature of probe, nconsisteni
calibration curves, contamination of the probe which
results change in its resistance,

Droplet Size Distribution

Droplet size and iis distribution is one of the main
inferests for this study. Image analysis technique by
using high speed camera was used to determine the
droplet size and its distribution as used in Vielma.
This technique was chosen because of is non-
intrusive nature which does not disturb the droplets
during the flow. It is not applicable io all
combination of flow rates (especially high flow rates
with low water cut). Location of the high speed
camera was dependent on flow pattern. For stratified
(ST), stratified mixing (ST&MI) and dispersion of oil
in water over water layer (DO/W&W) flow patterns,
entire pipe was shot in different shutter speed. For
dispersien of oil in water (O/W) and water in oil
{W/0), the camera was located close to the pipe and
only small section of the pipe was shot. In oil in
water (O/W) and water in oil (W/Q) type of flow
pattern, it was assumed that the distributions of the
droplets are homogenous all arcund the pipe. In daal
continuous (O/W&W/O) flow pattern, the pictures
were taken from the bottom and the top of the pipe.
The pumber of the droplets obtained from the
pictures is flow pattern dependent but in al} cases
minimum 400 droplets were tried to be counted.

Droplets were counted by using Image ProPlus 5.1
software. In each picture every droplet was counted
one by one. Since droplets are not counted
autommatically, the repeatability of the counting
droplets should be checked. Figure 34 shows the
repeatability of this technique.  Droplets were
counted from the same picture by two different
people. Dispersion of oil in water over water layer
(DO/W&W) flow pattern was selected as a sample
because 1t was divided into ten sections which make
it more sensitive. The top section refers to the top of
the pipe and the bottom section refers to the bottom
of the pipe. The agreement between two counts was
cood.

Figures 35 and 37 show the droplet size distribution
and probability distributions for oil in water flow
(VW) and water in oil (W/O) patterns, for +2°




inclination angle, respectively. The figures show all
the probability distributions tested f{o represent
droplet size data, In both cases log-normal is the best
probability distribuiion to represent the droplets size
data,  Rosm Rammler distribution type failed to
represent any of the cases for water droplets.

Figure 3% shows the droplet size data and the three
different probabilistic distributions for stratified with
mixing interface (ST&MI) flow pattern for +2°
inclination angle. As stated in the previous flow
patterns, log-normal represents the droplet size data
best among the selected distribution types.

For dispersion of water in oil over water layer
(DO/WEW) flow pattern, different procedure was
applied since the droplet size distribution is not
homogenous across the pipe cross section. Figure 41
shows the behavior of SMD as function of the height
from bottom fo top of the pipe for +2° inclination
angle. The pipe was divided into 5 sections in each
picture to see the SMD behavior clearly. The top and
bottom of the y-axis in the graphs refer to the top and
bottom of the cross section of the pipe, respectively.

Figures 42 and 43 show the droplet size distribution
and probabilistic distributions for oil droplets and
water droplets, respectively, for -1° inclination angle
for dual contimzous (O/W&W/Q) flow pattern. The
water droplets are in smaller size compared to oil
droplets. For both of oil and water droplets, log-
normal distribution worked well.

SMD was analyzed for each flow pattern. Increasing
trend in SMD was observed with increasing dispersed
phase superficial velocities for different inclination
angles in oil in water (Fig. 36) and water in cil (Fig.
38). When the internal phase veloeity increases, v,
and, v, respectively, the SMD tends to increase for
same continuous phase superficial velocity. As the
percentage of internal phase increases, the droplets
get closer, mcreasing the coalescence tendency, and
resulting in larger droplets. No trend was observed
for the effect of inclination angle. Figure 40 shows
the SMD behavior with respect to vy, for different
inclination angles. Decreasing trend in SMD was
observed with increasing superficial water velocities
for different inclination angles. As the superficial
water velocity increases, turbulence level increases
and smaller oit droplels are formed. The size of
SMD also depends on the oil layer thickness during
the flow. No clesr trend was observed for the effect
of mclination angle. Figures 44 and 45 show the
variation of SMD for oil and water droplets
respectively for a constant superficial oil velocity
(vo=1.000 m/s} with changing superficial water
velocity, Increasing trend in SMD was observed n
waler droplefs with increasing superficial water

velocities for different inclination angles. For water
droplets, this can be explained by coalescence
tendency as discussed in W/O type of flow pattern.
Trend is not so clear for the oil droplets since there
are enly two dafa points in each inclination angles.
No clear trend was observed with the change of
inclination angle.

Droplet Size Comparison

The droplet size data were compared against the
predictions by the existing models for duy, duy and
SMD.  Insthe literature, Hinze, Kubie and Garner,
Angeli and Hewitt, Brauner and Kouba models exist
to estimate the dws,. Kouba is the onlv model to
predict the d., For SMD prediction, Angeli and
Hewitt model, which is the only available mode] for
SMD prediction, was used. The models work for
fully dispersed cases. Therefore, comparisons are
presented in following sections;

¢ Maximum diameter in O/W type dispersion
*  Minimum diameter in O/W type dispersion
»  SMDin O/W type dispersion
*  Mayumum diameter in W/O type dispersion
¢ Minimum diameter in W/O type dispersion
»  SMDin W/O type dispersion

Maxinum Diameter Comparisons-O/iF

Figure 46 shows the comparison of experimental dpay
with the model predictions for -1° of inclination
angle, for different superficial oil velocities.
Diamond points on the graph represent the
experunental data pomts. Angeli and Hewitt, Kubie
and Gardner models over-predicted the experimental
dmae.  On the other hand, Kouba under-predicted the
experimental data. Hinze and Brauner showed the
best performance. Hinze predicted d,., the best
among ail models. Table 6 shows the error analysis
for each model,

Minimum Diamerer Comparisons-O/W
Figure 47 shows the comparison of d,;, data against
Kouba medel for -1° of inchnation angle, for
different oil superficial velocitics. The model under-
predicted for most of the cases. Table 7 shows the
statistical parameters for Kouba model.

SMD Comparisons-C/W

Figure 48 shows the comparison of experimental
SMIY against Angeli and Hewitt model for -1 of
inclination angle. Angeli and Hewitt model over-
predicted the experimental SMD daia for all cases.
Table 8 shows the error analysis for the comparison.

Maximum Diameter Comparisons-Wi0




Figure 49 shows the companson of d,,, against
existing models for different superficial  water
velocities for -1°. Kubie and Gardner mode] over
predicted the experimenial d.,, for all mclination
angles, where all the other models under predicted
experimental d.., data. Brauner model predicted the
iax the best among all moedels. An error analysis can
be found in Table 9.

Minimum Diameter Comparisons-W/0

Figure 50 shows the comparison of d.. against
Kouba model for varying superficial water velocities
for -1° The mode! under-predicted dy,,. Table 10
shows the error analvas for Kouba model.

SMD Comparisons-W/0

Figure 31 shows the performance of Angeli and
Hewitt model against experimental SMD obtained in
this study for -1°. Angeli and Hewitt model under-
predicted experimental SMD data that obtained in

this study. Error analvsis can be found in Table 11.
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Table 1: Uncertainty Analysis Results for Oil-Water Facility

Instrument Random | Systematic Degre.es of Overall _
Uncertainty|Uncertainty}] Freedom Uncertainty (Uss)
PT1 (psy) 0.70% 5.26% Infinity 5.44%
PT1 1 (psi) 0.57% 9.80% Infinity 9.87%
PT2 (psi) 1.95% 10.34% Infinity 11.05%
PT3 (psi) 2.57% 4.22% Infinity 6.65%
PT4 (psi) 1.76% 2.86% Infinity 4.44%
PT6 (psi) 2.56% 4.19% Infinity 6.61%
PT7 (ps1) 2.76% 3.74% Infinity 6.66%
PT8 (psi) 0.00% 0.46% Infinity 0.46%
DP1 (in H,O) 0.08% 0.14% Infinity 0.21%
DP2 (in H,0) 0.03% 0.06% Infinity 0.08%
DP3 (in H,O) 0.03% 0.08% Infinity 0.10%
DP4 (in H,0) 0.02% 0.16% Infinity 0.17%
DP5 (in H,0) 0.03% 0.09% Infmity 0.10%
DP6 (in H,0) 0.02% 0.07% Infinity 0.08%
TT1 (°F) 0.001 0.389 Infinity 0.39
TT2 (°F) 0.003 0.372 Infinity 0.37
TT3 (°F) 0.005 0.383 Infinity (.38
TT4 (°F) 0.002 0.376 Infinity 0.38
TTS (°F) 0.007 0.381 Infinity 0.38
TT7 (°F) 0.007 0.382 Infinity 0.38
TT8 (°F) 0.005 0.375 Infinity 0.38
WEM (gpm) 0.11% 0.16% Infinity 0.27%
OFM (gpm) 0.11% 0.04% Infinity 0.22%
WFM (gr/cm’) 0.00% 0.05% Infinity 0.05%
OFM (griem’) 0.00% 0.04% Infinity 0.04%
Tape (inch) 1.00 0.10 Infimity 2.00
Droplet Size 0.012 0.010 Infinity 0.03
{mm)
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Table 2: Uncertainty Propagation Results

) Overall
, Random Systematic Degrees of . :
Measurement } . .. Uncertainty
Uncertainty Uncertainty Freedom v
(Uss)

I Pressure Drop (Pa/m) 0.00503 0.04677 Infinity 0.04784
V., {m/s) 0.00003 0.06005 Infinity 0.00008
v, (m/s} 0.00003 0.00001 Infinity 0.00007
vy (m/s) 0.00005 0.000065 Infinity 0.00011

H, 0.00459 0.02294 Infinity 0.02470
C,/H, 0.00644 0.02359 Infinity 0.02688
Table 3: Statistical Parameters
Definitions Unit

%

%%

%
rom/{Pa/m)
mm/(Pa/m)
min/(Pa/mm)

Table 4: Pressure Gradient Evaluation against Zhang et al. Model
£ (%) 89 (%) E3(%) | E4(Paim) | E5(Paim) | Eg(Paim)
Pressure
Gradient! 7393 125.76 863.08 185.28 194,91 319.84




Table 5: Water Holdup Evaluation against Zhang et al, Model

£ (%)

£o (%)

£4

o
[#4]

g

Water
Holdup

1.43

8.65

0.0

0.04

0.04

Table 6: Maximum Diameter Model Evaluation for O/W Dispersions

Model Flow Pattern] £1(%) | €3(%) | &5(%) | e4(mm) | &5(mm) | g£5{mm)
Hinze O/w -9.84 15.00 24.36 -0.22 0.28 0.40
Kubie & Gardner oW 449 36 449.36 153.14 5.14 5.14 0.76
Angeli & Hewitt o/w 231.94 231.94 84.74 2.58 2.58 0.42
Kouba oW -84.14 84.14 6.40 -1.07 1.07 0.43
Brauner O -16.26 22.13 23.93 -0.29 0.33 0.42
Table 7: Minimum Diameter Model Evaluation for O/W Dispersions
Model FlowPattern| £4(%) | &(%) | &3(%) | g4(mm) | &5(mm) | & (mm)
Kouba O/w -38.75 43.49 20.67 -0.05 0.05 0.05
Table 8: SMD Model Evaluation for O/W Dispersions
Model FlowPattern| £1(%) | e:(%) | &3(%) | es(mm) | &5(mm) | &g (mm)
Angeli &Hewitt O/W 198.32 199.32 65.83 1.47 1.17 0.16
Table 9: Maximum Diameter Model Evaluation for W/O Dispersions
Model Flow Pattern| £1(%) | e,(%) | 23(%) | es(mm) | e5(mm) | &g (mm)
Hinze WIO -44.52 44 .52 15.80 -0.82 0.82 (.68
Kubie & Gardner WIO 205.04 205.04 84.70 3.31 3.31 1.84
Angeli & Hewitt W/iO -57.88 57.88 13.04 -1.04 1.04 0.58
Kouba WO -90.44 90 44 2.74 -1.54 1.54 0.65
Brauner W/O -40.60 41.46 17.86 -0.77 .78 0.54
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Table 10: Minimum Dlameter Model Evaluation for W/ Dispersions

prosee-Y

Model Flow Pattern| £,(%) | 2:{%) | e3(%) | galmm) | s5(mm) | £5(mm)
Kouba W/i0 13.11 57.85 76.48 -0.G1 0.03 0.04
Table 11: SMD Model Evaluation for W/O Dispersions
Model Flow Pattern| £,(%) | e2(%) | £3(%) | es{mm) | g5(mm) | 2¢{mm)
Angeli &Hewitt W/O -81.74 61.74 11.72 -0.54 0.54 0.21
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Figure 27: Normalized Drift Velocity (2° Downward)
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Fluid Flow Projects

Lagrangian-Eulerian Transient
Two-Phase Flow Model

Kwon I Choi

Advisory Board Meeting, November 06, 2007
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& Computational Modeling of Transient
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Example of Discontinuous Table
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1. Diameter: 2 - 6 inches
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Lagrangian-Eulerian Transient Two-Phase
Flow Model

Kwon Il Choi

PROJECTED COMPLETION DATES:

Model Valldation. ... January 2008
FImal Report..oooo e May 2008

Objectives

The objectives of this study are:

* Computational medeling of transient two-
phase flow coupled with TUFFP unified
mechanistic model;

*  Model validation through experiments.

Introduction

Description of the transient multiphuse flow in the
wellbore-flowline-riser system is one of the most
comnplex problems in the petroleum production. A new
approach for transient computational model for two-
phase flow is introduced. In this model, £as mass
tracking technique will be applied in order to get
around the aumeric diffusion which is a persisting
problem for the transient multiphase flow programs
based on Eulerian grid. TUFFP mechanistic Unified
model can be coupled as a closure model for holdup
calculation.  Finally,  quantitative  experimental
observations will be done to validate the theoretical
model. Transient thermal calculations will be included
in the model, but it can not be validated experimentally
using the test facitity.

Literature Review

Literature review will be an ongoing effort, Buring this
period a search has been dome for applications of
Lagrangian-Euletian fluid dynamics in multiphase pipe
flow in petroleum engineering, without success.
Computaticnal approaches using Lagrangian-Eulerian
method can be found i different areas iike reserveir
engineering, chemical engineering and astrophysics.
One example of Lagrangian remapping scheme being
applied for solving the nonlinear fluid equations in
astrophysics is given by Lufkin er o/ (2001). The
comumon goal is “using Lagrangian numerics! methods

to avoid problems associated with numerical smearing
in Bulerian caleulations” (Lufkin and Fawley (1 993)).

Computational
Methodology

The Lagrangian transient multi-phase flow model,
based on moving numerical grids, presenis  the
important capability of betier tracking the gas and
Hquid’s kinematics. This technique is not subjected to
any numerical diffusion, which is the main drawback
for the Eulerian models. At every time step, two
moving grids, one for liquid and one for gas, are forced
to move at different velocities, and then, they are
frozen and superimposed to make material and
momentum  balances possible. The resulting finite
difference cells become irregular and elastic for their
sizes to change at each new time step.

Mode! Development
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Modeling of Gas Mass Balance

A method to handle gas mass balance in a gas tracking
numerical scheme is proposed. This is the key
component of the model because it enables explicit
calculation of gas void fraction in the moving node,
and supports the liquid mass balance on the
Instantaneous remapped Eulerian grid.

In Fig. 1, the distance increases from bottom to top and
the time increases from lefl to right. The schematic
describes the movement of two different crogs-
sectional  surfaces with conserved mass of 2as
contained between them.

If & known amount of gas {m, ) is contained within a
smalt volume bounded by two cross-sectional surfaces
at x, and x, with small length dr | then the local gas

voud fraction 15 given by
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where g7, is the average gas density and 4 is the pipe

cross-sectional areq.

The amount of gas that passed the position x, during
the small time interval &7 is the same smount of gas

contained in &y .

tovdl
g = _f W (1) dt. (2)
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The gas mass Hlow rate at x, is ¥, and its change with

time is represested by the truncated Taylor series
around the fimeyr, .
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The integration in Eq. (2) results in the following
equation
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The same procedure can be applied to the average gas
density and its change with distance can be represented
by the truncated Taylor series around the point x, .
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Now, dx is the last variable that remains 1o be
addressed in Eq. (I). Assuming that in-situ gas
velocities change with time at consiant rates between
¢, andr,, we have
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In the above equations v,, and v., represent the
velocities of the top cross-sectional surface at time ¢,
andz , respectively. The corresponding velocities of
the bottom cross-sectional surface are 1“’2;1 and Vi, as

defined below,
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Finally, the small length Sx is given by
(vgy + Ve — Pey (A1 =866t
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If Eqgs. (4), (7) and (12} are substituted into Eq. (1),
then, g, at the imit as &7 —»> O1s given as,
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Thus @, refers to a differential volume element with

area A and

cross-sectional 3

represents  the
mstantaneous gas void fraction at a given space point
in the pipe.

Eq. (13} is not affected by the truncation errors of the
Tayvlor series in Egs. {3}, (6) and (10) because of the
limit operation. This condition has been verified by
using the software Mathematica up to 3% order

truncated  Taylor series. However, the similar
verification could net be made for Eq. (1I).
Furthermore, its accuracy will depend on how
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accurately the partial derivatives s and
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are iranslated in the fintte difference scheme.

As a part of verification of the Eq. (13}, the steady state
flow condition can be checked as a particular case,
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Under the steady state flow condition Eq. (13) will sive
the same result as the Eq. (14), which is conservative,
only if the following relation is true,
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The relation (15) can be verified as true by
o]
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manipulation of the partial derivative as
follows. The definition of material derivative {meaning
that the time rate of change is reported as one moves
with the “material”), applied to the in-situ velocity of
gas phase, s given by,
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For steady state, m:g;and ZL become zero, and
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then, the relation (13) s satisfied by substitution of
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The derivation for instantaneous differential o was
based on the conserved mass of gas, and its final form
(13) degenerates to {14} under steady state condition.
But the strict conservation of mass of gas can not be
guaranteed under the transient flow condition in the
finite difference model. This is the main drawback of
the explicit caleulation of e |

Nevertheless, there is one praciteal mechanism to
confrol the problem of non-conservative formulation
forer . Under the gas iracking numerical scheme the
conserved gas mass content in each numerical cell is
known throughout the simulation. This information can
be used o keep the values of differential @ within a
reasonable conservative range.

Holdup Calculation

The instantaneous gas void fraction @, caleulated in
Eq. (13} depends on the estimate of the current in-situ
gas velocity v, , bul in-situ gas velocity Vi itself
depends on the gas void fraction a. . So we need some
closure relationship between gag velocity v, and void

fraction ez, , or holdup.

Given in-situ gas velocity V-, and gas void fraction
@, the superficial gas velocity Vg, can be caleulated.
And also superficial liquid velocity Vg can be

obtained from liquid mass balance upon Eulerian
remapped numerical grid as in Bq, (18),
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Liquid and gas superficial velocities caleulated based
on the estimated in-situ gas velocity will allow us to
employ a steady state mechanistic two-phase flow
model to calculate a new gas void fraction value. The
closure 15 achieved if the two void fraction values
match after an iterative process.

The mechanistic two-phase model best suited for the
purpase is TUFFP Unified model because of the
relatively smooth transition between different flow
regimes and inclinations of flow path.

Tests performed using Unified mode! as liquid holdup
closure model showed that it’s not practical to make
calls to that code in it's native form. The impeding
factors are dramatic loss of simulation speed and
stability. The alternative solution has been to generate &
multidimensional interpolation table of holdup based
on Unified mode],

The number of interpolation parameters should be at
least 10:

I. Inclination angle




2. Diameter

3. Superficial gas velocity
4. Superficial liquid velocity
5. Gas density

6. Liguid density

Gas viscosily

& Liquid viscosity

9. Roughness

10. Surface tenston.

However the number of the parameters had to be
reduced to &, dropping the last 4 items from the list
above, because of the computational limitations.

The final version of the 6 dimensional table of holdup
contains over 4.5 million numbers of double precision.
Also one more table of the same size has been made for
{rictional pressure drop. The two tables require more
than 12 hours to be generated using one fast computer
available.

Fig. 3 and Fig. 4 are graphical representation of two
dimensional sub-tables for liquid holdup. The transient
simulation results using the interpolation tables are as
fast as simple drift-flux model, and smoothening effect
of the table makes the simulation siable,

Momentum Balance

The momentum balance can be done on the remapped
Eulenian numerical grid resulting from the Lagrangian
step. The TUFFP Unified model can provide pressure
drop components which can be combined with the rate
of mixture momentum in/out and change of momentum
with time inside the control vohune,

The frictienal pressure drop is read from the
interpolation table based on the Unified model. The
gravitational pressure drop is caleulated using the
holdup values read from the other inferpolation,

Numerical Solution Strategy

The basic numerical solution strategy for one cell can
be as shown m the Fig. 2. Lagrangian calculation of
gas void fraction enables the calculation of superficial
liquid velocity by means of mass balance equation on
the Eulerian grid. Then, a new estimate of in-situ gas
velocity can be obtained through a mechanistic two-
phase model. This process is  repeated  unti
convergence on the value of vg. Then ihe momentum
balance is done to caleulate the new estimate of
pressure. The whole procedure is repeated until
convergence is reached on the value of pressure p.

Simulation of severe
slugging

As the fust step for validating the transient model,
some simulations have been performed for severe
slugging phenomena. Data for one of the sample cases
are as follow:

1. Flowline of 3" inside diameter, 10000 £ long
with an inclination angle of -3.0 degrees

2. Riser of 57 inside diameter, 5987.5 fi long
with an inclination angle of 90 degrees

3. Liguid input of constant 2000 sth/d

4. Gas input of constant 1000 mscf/d

5. Fluids are water and natural gas

Fig. 5 shows the liquid and gas flowrates at the surface
under unstable situation. The same system becomes
stabilized with gas injection of 1000 mscf/d at the riser
base starting at 11 hour time point. Later the injection
rate is reduecd to 300 mscf/d which stll keeps the
system stable with a small oscilation.

Future Works

1. Comparison with experimental test,

2. Finalreport,
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Nomenclature

Variable Desceription

A area

i 11ass

? time

x distance

2 pressure

v veloelty

W mass flow rate

Greek letters

& gas void fraction

A difference operator

o small difference operator

Subscripts

1,2 time or position 1, 2

G 2as phase

I3 pipe

85 steady state

SG superticial gas

SE superticial liguid
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Figure 1 — Schematic of gas mass balance
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Figure 2 - Numerical sohution diagram
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Figure 3 — Plot of liquid holdup table for horizontal flow based on Unified model.
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Figure 5 — Severe slugging simulation for 5 inch pipeline with -5 degree flowline and 90 degree riser.
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An Experimental Study of Low
Liquid Loading Gas-Oil-Water
Flow in Horizontal Pipes

Hongkun (Tom) Dong
I3 I\
PN o D tk\&ﬁ’r\

Advisory Board Meeting, November 6, 2007

Qutline

O oy P . i s s A MgV e . P
é Objectives
¢ Introduction
4 Experimental Study
» Facilities
» Instrumentations
» Tests
*» Results
é Model Evaluation
4 Conclusions
§: Fluid Flow Profects Advisory Board Mesfing, November 8, 2607
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Objectives

é Acquire Experimental Data of Low
Liquid Loading Gas-oil-water Flow in
Horizontal Pipes

& Compare with Gas-liquid Flow
Experimental Data
& Compare with Model Predictions and

Suggest Modifications or Develop
New Model if Necessary

§ Fluid Flow Projects Advisory Board Meeting, November &, 2067

Introduction

0 S T e o e

& Definition

_ Wet Gas: Gas, Céﬁéiens'até'()il,:\ﬁ’atér '

%' Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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introduction ...

é Significance
> Increase Gas Production

»Problems Due to Water Presence
‘ﬁ__‘__.__._“"
+Pressure Drop Increase
+ Hydrates Formation

A Corrosion
/L LR

% Fluid Flow Projects Advisory Board Meeting, November §, 2007

Schematic of Flow Loop
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Schematic of Test Section
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Instrumentation

A g o o ol Ao

Pressure: PTs & DPs
Temperature: TTs

Holdup: QCVs and Pigging System
Wet Perimeter: Grades Inside Pipe

Film Thickness: Conductivity Probes

e o ¢ o & o

Liquid Velocity: Cold Liquid Injection
¢ Liquid Entrainment: Iso-kinetic Sampling System

& Cross-sectional Viewing System

% Fiuid Flow Projacts Advisory Board Mesting, November 8, 2007




Holdups: QCVs & Pigging System

g Fluid Flow Projects Advisory Board Meeting, November 8, 2007

Film Thickness & Phase Continuity:
Condu_ctivit_y Prol;_ies‘

v g b " g i M 5 s

é Principle: Conductivity Difference

é Traverse across pipe

% Fluid Flow Projects Advisory Board Meeting, Noversher 6, 2007




Film Velocity: Cold Liguid Injection

¢ Detect Temperature Variation

) Distance
¢ Velocity = ——™m

P—

['1me

g Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Wet Perimeter: Grades
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» Inside Pipe

> Minimize Reading Error
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Liquid Entrainment:
Iso-kinetic Probe

. o

%% Fiuid Flow Projects Advisory Board Westing, November §, 2507

Borescope

Cross-sectional Viewing System

% Fluld Flow Projects Advisory Board Meeting, November §, 2607
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Test Fluids

I R L L e e A gt

¢ Tap Water/Mineral Qil/Air

¢ Oil Properties

> APl gravity: 33.2°

> Density: 858.78 kg/m3 @ 15.6 °C (60 °F)

» Viscosity: 13.5 cp @ 40 °C (104 °F)

> Surface Tension (with Air): 29.14 dynes/cm
@ 25.1 °C (77.2 °F)

> Interfacial Tension (with Water): 16.38
dynes/cm @ 25.1 °C (77.2 °F)

Advisory Board Meeting, November 8, 2007
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Test Ranges

A A

é Superficial Gas Velocity:
5 10,15 and 17.5 m/s

¢ Liquid Loading Level:
50, 300, 600, 900 and 1200 m3/MMsm3

& Water Cut:
0, 0.05, 0.1, 0.15, 0.2, 0.5 and 1

¢ Superficial Liquid Velocity:
0.00033 to 0.038 m/s

Acdvisory Beard Meeting, November 6, 2007
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Experimental Results

R g g

6 Flow Pattern

¢ Pressure Gradient

¢ Holdup

é Wetted Wall Fraction
¢ Film Thickness

é Liquid Entrainment

g‘g‘ Fluid Flow Projects Advisory Board Meeling, November 6, 20067

Gas-liquid Flow Pattern

Axial View

5 msg, L1 = 600 md MMsm?, WC = 0.5

Y56

%. Fludd Flow Profests Advisory Board Meeting, November 6, 2087
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Gas-liquid Flow Pattern ...

Side View Axial View

L= 10 m/s, L = 600 m¥/MMsm*, WC = 0.3

g Fiuld Flow Projects Advisory Board Meeting, November 8, 2007

Gas-liquid Flow Pattern ...

Side View
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Oil-water Flow Pattern

¢ Stratified (ST)

Side View

Ve = 3 m/s, LL = 600 m¥MMsm?®, W = 0.5

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Oil-water Flow Pattern ...
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¢ Oil and Discontinuous Water Strip (ODWS)
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Side View oftom View
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-water Flow Pattern ...
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Oil-water Flow Pattern ...
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Bottom View

(ST¢y & DD)

i-water Flow Pattern ...
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Three-phase Flow Pattern ...
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Three-phase Flow Pattern ...
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Three-phase Flow Pattern ...
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Gas-liquid Flow Pattern Map —
Taitel & Dukler (1976)
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Gas-liquid Flow Pattern Map —
Zhang et al. (2003)
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Oil-water Flow Pattern Map
(Vsg = 15 mis)
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Pressure Gradient (WC =0.1)
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Pressure Gradient (vgg = 17.5 m/s,
LL = 1200 m*/MMsm")
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Total Liquid Holdup (WC = 0.2)
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Total Liquid Holdup (vgg = 15 m/s)
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Liquid Holdups (vgg = 15 m/s, LL = 1200)
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Oil-water Slippage (vgg = 10 m/s)
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Wetted Wall Fraction

g} Fluid Flow Projects
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Total Liquid Wetted Wall Fraction
(WC =0)
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Liquid Film Thickness

Measurement Location

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Total Liquid Film Thickness
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Liquid Entrainment
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o Liguid Entrainment (WC=1)
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Onset Observation of Entrainment
(Oil and Oil-Water)
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Cnset Observation of Entrainment
(Water)
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Total Liquid Entrainment Flux
Profile (WC = 0.15)
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Total Liquid Entrainment Flux Profile
(vgg = 17.5 m/s, LL = 1200 m3/MMsm?3)
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Water Fraction in Liquid
Entramment Profile (WC = 0.15)
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Model Evaluation

& Selected Models

Low Liguid Loading Two-phase Fan (20065)
TUFFE Unified Two-phase ‘Zhang et al. (2003)
Model :

“TUFFP Unified Three-phase  Zhang and Sarica
Model (2006)

OLGA e et e s SPTGmup S
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Model Evaluation
— Pressure Gradient

R 1 g A A A e

Statistical Parameters

£:(%a) £x{%)} £x(%} g{Paim) | e(Paim} | &{Pa/m)

Model

Fan {2005) 1.070 8879 | 11.235 1.088 3451 5752

Zhang et al.
(2003) -8.301 10.967 | 10.427 -3'63% 3.776 4.875

Zhang and 4 “ 4 4
Sarica (2006) ~15.848 | 18.857 | 27.356 -5,351 5411 8.651

GLGA -13.088 | 13.862

356 -3.744 3.984 6.602
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Model Evaluation
- Tﬁial L&qusd Hcldup

Statistical Parameters

Model
£:{%) e(%) | &%) &(/) es(l) gll)
Fan (2005) -7 437 16,854 | 23.186 | -0.004 0.005 0.007
Zhang et al. B N
(2003) 51.203 | 54.766 | 35385 0.015 0.015 0.0 )

Zhang and
Sarica (2006) 59707 | 61.929 | 32728 ¢ -0.017 0.017 0.011

CLGA -11.706 | 21.284 | 26.701 . -0.005 0.0C6 0.007
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Model Evaluation — Total Liquid
Holdup, Fan (2005)
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Model Evaluation — Total Liquid
Holdup, Zhang et al. (2003)
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Model Evaluation - Total Liquid
Holdup, Zhang and Sarica (2006)
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Model Evaluation — Total Liquid
~ Holdup, OLGA
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Model Evaluation
— Water Holdup __ N
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Statistical Parameters
Model —
g (%) &%) . & (%) e {/) &) &
Zhang and
Sarica (2006) -42.353 | 56.238 | 48.821 -0.005 0.006 G.007
OLGA -10.081 1 33777 | 45879 -0.003 0.G04 0.006
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Model Evaluation — Water Holdup,
Zhang and Sarica (2006)
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Conclusions

é Low Liquid Loading Gas-oil-water Flow
in Large Diameter Pipes is Investigated
the First Time

» 156 Tests Measuring Pressure Gradient,
Liquid Holdups, Wetted Wall Fractions,
Liquid Film Thickness

» Qil and Water Entrainment Profiles First
Studied

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Conclusions ...

R M ot A0 A

¢ New Phenomena Observed Including

» Water Channel Flow

Liquid Holdup Rebounds as Gas Velocity
Approaches Annular Flow

Pressure Gradient first Increases and then Decreases
with Increasing Water Cut

v

Liquid Holdup first Increases and then Decreases
with Water Cut Increase

2%

¥

Wetted Wall Fraction first Decreases and then
Increases with Increasing vy,

% Fiuid Flow Projects Advisory Board Meeting, November 6, 2067




Conclusions ...

é Model Evaluations
> Fan (2005) Model Gives Best Predictions of
Pressure Gradient and Holdup

» Zhang and Sarica (2006) Reflects Flow
Pattern Changes

» OLGA Gives Reasonable Predications of
Pressure Gradient and Holdup

% Fluid Flow Projects Advisory Board Mesting, November 6, 2007

Questions and Comments
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Low Liquid Loading Gas-Oil-Water Flow in
Horizontal Pipes

Hongkun (Tom) Dong

PROJECTED COMPLETION DATES:

BAErature RevIEW. ... Completed
Facihity Modifloation ..o Compieted
Preliminary Testing. ..o oo Completed
TESLING oo e Completed
Model Evaluation.............coooiiooivimi oo Completed
FInal REPOTt .. i e Completed

Objectives

The main objectives of this study are:

» Investigafe experimentally and theoretically low
liquid loading gas-oil-water flow in horizontal

pipes

» Acquite experimental data of low liquid loading
gas-oil-water flow in horizontal pipes and identify
the differences between low fiquid loading two-
phase and three-phase flow

e Evaluate existing models with experimental data

and suggest modifications or new development for
modeling if neccesary

Introduction

Low liquid loading gas-oil-water flow exists widely
in wet gas pipelines. These pipelines often contain
water and hydrocarbon condensates, while small
amounts of condensates can lead to a significant
pressure loss along a pipeline (Meng, 2001). Many
other issues like hydrate formation, pigging
frequency and downstream facilities design are
related to the pressure and holdup prediction of
pipeline. Moreover, the efficiency of the corrosion
inhibitors is strongly related to the distribution of the
Liguids in the pipeline. Therefore, understanding of
the flow characteristics of low liquid loading pas-oil-
water flow is of great importance in transporiation of
wet gas.

Due fo the difference in fluid properties, mixture of
ol and water may exhibit significant different
behaviors from single liquid phase. However, very

few studies have been conducted on low liquid
loading three-phase flow. No research has been
carried out in this specific area with a large diameter
pipe up to the author knowledge. Although several
studies (Agikgoz et al., 1992; Taitel et al., 1995; Pan,
1996; Khor, 1998; Bonizzi et al,, 2003; Oddie et al.,
2003, Keskin, 2005; Zhang and Sarica, 2005) have
been conducted on three-phase flow pattern and the
modeling of three-phase flow, the flow range of low
Liquid foading flow was not covered in those studies
probably due to the complexity and uncertainty,

Low liquid loading gas-oil-water flow experiments
were conducted in a 6-in 1D flow loop. The pressure
drop, holdups, wetted wall fractions, liquid
entrainments and liquid film thicknesses with respect
to different superficial gas velocities, liquid loadings
and water cuts were measured in horizontal pipes.

The experimental data were compared with selected
model  predictions.  Suggestions on  model
modification were made based on the experimental
findings.

Experimental Study

Experimental Facility

The TUFFP 6-in flow loop, which has been used for
low liquid loading two-phase flow (Fan, 2005), was
modified for three-phase experiments. The schematic
of the facility after modifications is shown in Fig. 1.

A vertical three-phase separator was added to the
system for separating gas, oil and water phases in the
experiments. Inlet momentum is controlied with a bi-
directional inlet diverter that also provides bulk




sas/liquid  separation. A 6-in thick wire mesh
extractor is used to de-mist the air. This facilitates the
removal of Y9% of 5 micron and larger droplets. il
and waler separate in hiquid retention section at the
bottem of the separator. A muffler was installed at
the air outlet of the separator to reduce the noise
resulting from high air flow rate.

Two 500 gallon plastic tanks were used as oil and
water tanks to supply and circulate liquid for the
system. Two cavity puinps were used as it and water
pumps. Two-stage air compressors were used 1o
supply air to the system,

The test section was made of 6-in ID pipes and
consists of two runs connected with a U-shape benid.
Each run is 56.4-m long. Significant modifications of
the test section were made. PVC pipes in the U-shape
flow loop have been replaced with steel ones with an
acrylic visual section at the end of each run. The
schematic of the test section is shown m Fig. 2. A
new mixing section shown i Fig. 3 was designed for
properly mixing gas, oil and waler phase at the
entrance of the test section. The inclination angle of
the test section can be changed from ¢° w0 2°
enabling us to have downward flow with inclination
angle down to -2° and upward flow with inclination
angle up to +2° with the two runs, respectively. Both
the upward and downward runs of the test section
were Instrumented.

Instrumentation and Data
Acquisition

The instrummentation apparatus was designed to
measure the desired parameters: pressure gradient,
holdups of the three phases, liquid film thicknesses,
liquid wetted wall fractions and liquid entrainments
in gas phase.

Gas flow rate was measured with a Micro Motion
flow meter CMF 300. Two Micro Motion flow
meters CMF050 were used to measure oil and water
flow rates. They were calibrated by the manufacturer,
The uncertainty of mass flow rate was £0.1% and the
uncertainty of density measurement was £0.5%.

Quick-closing valves were used o trap the liquid to
measure the total liquid holdup, water heldup and oil
holdup. The hquid entrapped in the guick closing
valves was pigged out with a designed pigging
system and drained mto graduated eylinders to
measure the volumes of water and o1l phases.

Celd liguid injection method, similar o the salt water
mjection method (Fan, 2003) which has been used in
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the low hquid loading of gas~-water flow experiments,
was applied to measure the interface velocity. A cold
liguid injector was placed at a point in the test section
to inject cold oil or water info the test section. Two
thermal couples were installed 0.5 fi after the injector
with a 1 ft interval between them. The tme
difference between the temperature peaks detected by
those two thermal couples is recorded. Then, the
liquid velocity was calculated.

Conductivity probe was employed to measure the
water film thickness at the bottom of the pipe. During
the expermments, the conductivity probe traversed
vertically to detect the interface position between ol
and water based on the conductivity change due to
phase change. Meanwhile, conductivity probe was
also used for the determination of which phase in the
fully mixed liquid film is continuous based on the
conductivity difference between oil and water during
the three-phase experiments.

An iso-kinetic sampling system was used for the
determination of liquid entrainment in the gas phase.
During the experiments, the iso-kinetic sampling
probe traversed in the pipe to obtain the sample at
different locations. The liguid in the sample was
separated with a small gas-liquid separator and
collected in a graduated cylinder, The gas was vented
into the atmosphere. The collected liquid volume and
the sampling time were used to determine the liquid
catrainment. Liquid entrainment at each location was
obtained when the probe traversed from bottom to
top to get the liquid entrainment profile across the
pipe. The principle 18 shown in Fig. 4,

A cross-sectional viewing system was mounted in the
test section to get the image of the cross section. An
Olympus rigid borescope, an Olympus SP350 digitai
camera and a camera-borescope adapler were used
for the system. Sheet hight illumination was used to
illuminate the pipe cross-section. The method was to
cover the pipe by dark covers leaving a narrow gap to
restrict the light to a narrow area. The principle of
axial view system is shown in Fig. 5.

Measuring the wetted wall perimeter from outside the
pipe with tape has a significant uncertainty due 1o the
refraction of the pipe wall. The uncertainty changes
with the film beight and the thickness of the pipe
wall. in the present study, the transparent acrylic pipe
was marked inside to give a direct reading of the wet
perimeter, which significantly reduced the reading
uncertamty.

DettaV'™ digital automation system was used as the
data acquisition system for low liquid loading three-
phase flow. The DeltaV system is a fully digital




system, by which it can save time to integrate all the
measured parameters and minimize the error.

Test Fluids

The fluids used in the expertments consist of air,
mincral oil and tap water, Due to its good separability
and stability, Tulco Tech 80 oil is selected as the oil
phase. The physical propertiss of the oil are given
below.

o API gravity: 33.2°

¢ Density: 858.75 kg/mr’ @ 15.6 °C

»  Viscosity: 13.5 ep @ 40 °C

*  Surface tension: 29.14 dynes/em @ 25.1 °C

* Interfacial tension with water: 16.38
dynes/cm g 25.1 °C

*  Pour point temperature: -12.2 °C

»  Flash point temperature: 183 °C

The characterization measurements of Tulco Tech 80
tmuneral oil have been performed in Chevron labs.
The changes I  density and viscosity  with
temperature are given in Figs. 6 and 7, respectively.

Testing Range

In this study, superficial gas velocity ranged from 3
to 17.5 mys, The liquid loading level ranged from 50
to 1200 m’/MMm®. Water cut changed from 0 to
100%.

Uncertainty Analysis

The uncertainty analysis was performed for all of the
instruments based on the systematic and random
uncertainty analysis.

Random errors affect test data in random fashion
from one reading to the next (Dieck, 2002). Random
uncertainty sources are those that cause scatter in the
test results. Generally, when an experiment is
conducted, a sample of N population would be used
to caleulate the standard deviation to get the random
£1T0T,

I Xbe-xFT (1)

where, ¥ is the value of 7th X in the sample, X ig
the average of sample, N -1 is the degrees of
freedom for the sample, and S, 18 the standard

deviation of the sample. Most of time, the standard

deviation of the average, S., is the preferred format

to express the random uncerfainty,
s,
A @
ks "\1

where §_ refers to 689 confidence, which means
X

that the interval (}2“ S} containg 68% of the data

sample.

Generally, 95% confidence is required for most
experiments. At this point, Studeat’s t is used as IS

to get approximately 93% in confidence. Therefore,
the interval (,—figgx contains 93% of the data

sample.

Systematic errors are constant for the duration of
experiments.  Systematic  errors affect every
measurement of variables the same amount (Breck,
2002). It is not observable in the test data. It is the
instdious nature of systematic error that, when there
is low random error, one assumes the measurement is
accurate, with low uncertainty. This is not a sufficient
condition for an accurate measurement. The random
and systematic errors must both be low to have low
uncertainty.

The method in this project for combining systematie
uncertainties is to root-sum-square the elemental
systemalic uncertainties.

B12=[S b 12 ] 3)

Since all these elemental systematic uncertainties are
95% in confidence, the result is also 93% in
confidence. The uncertainty analysis for all the
parameters measured 1s fisfed in the Table 1.

Experimental Procedure
The testing procedure chart is given in Fig. 8 The
following six steps of setting up the flow conditions
were followed for each test:

Step 11 Set and maintain a gas {low rate.

Step 2: Set and maintain a liguid loading level
{total liquid flow rate).

Step 3: Set and maintain 4 water cut and
conduct the experiment to acquire data.

Step 4: Change the water cuf and repeat Sleps 3
and 4.




Step 50 Change the liquid loading level and
repeat Steps 3 to 5.

Step 6: Change the gas flow rate and repeat
Steps 2 1o 6.

Experimental Results

156 tests were carried out for low Hquid loading gas-
oil-water flow in horizontal pipes, in which 28 tests
are air-water tests under atmospheric pressure and
128 tests were are ar-cil-water tests under a system
pressure. In the three-phase tests, four superficial gas
velocities (5, 10, 15 and 17.5 m/s), five Hquid loading
levels (30, 300, 660, 900 and 1200 m*/MMsm® ) and
seven water cuts (0, 0.05, 0.1, 0.13, 02, 05 and 1)
were used to investigated the three-phase low liquid
loading behaviors. The oil flow rate and the water
flow rate were determined based on the air mass flow
rate, liquid loading level and water cut. The system
pressure was maintained between 163 to 185 kPa for
the tests.

Flow Pattern

The observed flow patterns of low liguid loading gas-
oil-water flow include: stratified-smooth  and
stratified (85 - 8T), stratifted-smooth and o1l with
discontinoous water stripe {88 - ODWS), stratified-
wavy and stratified (SW - ST}, stratified-wavy and
water in il dispersion (SW - Dy, stratified-wavy
and stratified with channel water and water in oil
dispersion {(SW - STy & Dyyo), stratified-wavy and
stratified with channel water and dual dispersion (SW
- STew & DD, stratified-wavy with  droplet
entrainment and water 1 oil dispersion (SW & E -
Dwo), and stratified-wavy with droplet entrainment
and strazified with chaanel water and dual dispersion
{SW & E - STew & DD). The classification is shown
in Fig. 9, and the schematic of each flow pattern is
shown in Figs. 10 (a) to (h).

Pressure Gradient

Selected pressure gradient data are presented in Figs.
1l and 12, As expected, at the same water cut, the
pressure gradient increases with mereasing the Hguid
loading at the same superficial gas veloeity; it also
increases with increasing the superficial gas velocity
at same liquid loading level. The water cul does not
seemt to play an important role on the pressure
gradient change for low superficial gas velocity fests
except that pressure gradient al water cut of 1 is
always lower then that of other cases. At very high
gas velocity of 17.5 wv/s, the pressure gradient

mereases to a maximum and then decreases with
mereasing water cut.

Liquid Holdup

As shown 1n Figs. 13 and 14, at the same water cuts
and the same superficial gas velocities, the tfotal
hquid holdup increases with the increasing liquid
loading. 1t 15 also seen that the total liguid holdups
decreases when the superficial gas  velocities
increases from 3 fo 15 m/'s at the same liquid loading
level and water cut. However, the liquid holdup
decreases rapidly when superficial gas velocity
increases from 3 to 10 m/s while further increase in
superficial gas velocities only causes a very small
decrease of total Haguid holdup. When the superficial
gas velocity increases from 15 to 17.5 m/s, the liquid
holdup increases at the same liquid loading and water
cut,

The selected water holdup data are presented in Figs.
15 and 16. The water holdup mostly increases with
increasing liquid loading at the same superficial gas
velocity and water cut. The water holdup also
increased as the water cut increased at the same
superficial gas velocity and liquid loading. Irregular
pomnts were possibly due to the flow pattern
fransition.

Oil-water slippage is the difference between in-situ
oil and water velocities. It is related 1o water cut ratio
(WCan/WC). The selected data for oil-water
shippage reflected by water cut ratio are shown in Fig.
17. In low liquid loading gas-water-oil flows, water
can flow slower or faster than oil. When the oil and
water flow stratified, the gas phase has only contact
with o1l phase and water kayer has to obtain the
energy through o1l. The upper oil layer flows faster
than water layer. At higher gas velocities and higher
water cuts, where the strafified with channel water
(S8Tew) exists, the water layer have a direct contact
with gas phase. Since both oil and water could
directly acquire energy from gas phase, the viscosity
effect came into play, making the oil flow slower
than water due to the higher viscosity of oil phase.
On the other hand, at very high gas velocity, high
turbulent energy made the oil and water flow as fully
dispersion or emulsion, the water cut ratio
approached 1.

Wetted Wall Fraction

As shown in Fig. 18, the total Hquid wetted wall
fraction increases as the liquid loading increases at
the same gas velocity and water cut. The total liguid
wetted wall fraction reaches a minimum vahe a




about vee of 10 mis for the same water cut and hquid
loading under the investigated flow conditions.

The water wetted wall fraction is shown in Figs. 19
and 20. It is zero many times because the water phase
was not continuous. Once the water phase is
continuous, the increase of liquid loading results in
an increase of water weited wall fraction at the same
water cut and superficial gas velocify.

Film Thickness

The selected total liquid film thickness data are
presented in Figs. 21 and 22, At the same water cut
and the same superficial gas velocities, the film
thickness increases with the increase of liguid
loadings because of the increase of input Hguid flow
rate. The film thickness decreases with mcreasing
superficial gas velocities at the same water cut and
liquid loading.

Liquid Entrainment

The onset of liquid enfrainment was observed
visually. The results are shown in Figs 23 and 24. For
oil or oil-water mixture as the liquid phase, the liquid
entrainments were first observed at the superficial gas
velocity of 15 m/s and liquid loadimg of 300
m’/MMsm’. The entrained droplets first reached the
top of the pipe at the superficial gas velocity of 15
m/s and liquid loading of 900 m’/MMsm’. For the
water as the liquid phase, the liquid entrainment was
firstly observed at the superficial gas velocity of 15

/s and liquid loading of 900 m*/MMsm®, and first
reached at the top of the pipe at the superficial gas
velocity of 17.5 mfs and liquid loading of 900
m/MMsm®.

In the present study, local liquid entrainment flux is
defined as the following equation.

By = i X
A;;,':;;;s""f

Where, Fy is the liguid entrainment flux; ¥, is the
collected liquid entrainment volume, 4 ore 15 the area

of probe opening, and ¢_ is the sampling duration

The selected total liquid entramment fiux profies are
shown in Figs, 25 and 26. At superficial gas
velocities of 17.5 m/s, the same liquid loading and
water cut, the entrainment flux on the gas-fiquid
interface  was  considerably higher than  other
locations. The liquid entrainment flux decreases first
sharply and then slowly to a plateau from the figuid
surface to higher locations. At the same location and
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same waler culs, the liquid entrainment increased ag
the liquid loading increased. The rtotal fiquid
entrainment flux decreased as the water cut increased
at each location within the investigated  flow
conditions.

As shown in Fig. 27, the water fraction in the tofal
entrained fiquid 1s close to the input water cuf near
the gas-liquid interface. 1t also decreases to a plateau
from the interface 1o the higher locations.

Model Evaluation

The experimental data were compared with the
predictions of the Fan (2003) low Hquid loading two-
phase flow model, Zhang et al. (2003) unified two-
phase flow model, Zhang and Sarica {2006) unified
three-phase flow mode! and the OLGA steady state
simulator.

Statistical Parameters

Statistical parameters are used to examine the
performance of existing models and software. These
statistical parameters are calculated from two types of

errors, relative error €, and actual error &, , which are
expressed as in Egs. 5 and 6, respectively.

] - N

(e}, “}[M gxIOO} ) (5)
L\ (Aose + Ay )12 ) i

and

(6’2 ); = (.APRE - AEXP),’ . (6)

In Egs. (5) and (6), A 18 the experimental
measurement and 4, is the predicted value by a
model. In Eq. (5), instead of using the experimental
measurement, the average of the experimental and
predicted values is used as the denominator, which is
believed to give a more fair representation of the
prediction quality (Fan, 2005). Based on the above
two types of errors, the following six statistical
parameters can be defined.

Average relative error is

& =
&= —TZ({"R}; : 7
NT
Absolute average relative error is

(&)




Standard deviation about average relative error is

(9)
P
£o= e, (10)
e
Absolute average actual error is
(11)
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Standard deviation about average actual error is
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Y = (12)

£y = e

N1

In the above equations, N is the total number of data
points.

Pressure Gradient

The evaluation results of pressure gradient were
shown in Table 2. The Fan (2003) low liquid loading
two-phase flow model has the smallest values for five
of the six statistical parameters, giving the best
prediction of pressure gradient. The positive ¢, and
£, values indicate slight overestimation of the

pressure gradient. The Zhang et al. (2003) unified
two-phase model, the Zhang and Sarica (2006) model
and the OLGA simulator all have negative £ and &,

values, indicating underestimation of pressure
gradient to different degrees.

Figures 28 to 31 show the comparisons of measured
pressure gradients and the predicted values with the
models. The Fan (2003} model gives very good
predictions for low pressure gradient, which
corresponds to low superficial gas velocities of 5 and
10 mv/s. The predictions become more scaitered at
high superficial gas velocities of 135 and 17.5 ms,
where the inierface curvature and entrainment were
encountered. Probably this is because liguid mixture
properties and the liguid entrainment effect were not
properly taken into aceount,

The Zhang et al. (2003) model gives sfight under
predictions compared to most of the data. Since the
model 15 also two-phase flow moedel the liquid
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mixture preperties may not be reflected by the
interpolation. The Zhang and Sarica (2006} three-
phase model also under predicts the pressure
gradients compared with the experimental data while
significant offsels are found on some points, which
are marked with the dashed etlipses.

The GLGA model gives good predictions when the
superficial gas velocity is less than 10 m/s. It
underestimates the pressure gradient at superficial
gas velocities of 135 and 17.5 m/s.

Liquid Holdup

Table 3 shows the results of the evaluation of fotal
fiquid holdups using the present study data. All the
models give negative values of g ande,, indicating

that they all underestimate the total liquid holdup
compared with the experimental data under the
investigated flow conditions. The Fan {2005) low
liquid loading two-phase flow model has the smallest
values of all the statistical parameters, performing the
best in predicting the total liquid heldup. Second to
the Fan (20035) model, the OLGA simulator also
gives good predictions for the total liquid holdup.
The Zhang et al. (2003) model and Zhang and Sarica
{2006) model both significantly under predict the
total liquid holdup.

Figures 32 to 35 show the comparisons of the
individual model predictions with the measured total
liquid holdup values. It can be seen that the oil-water
flow pattern transition effect is not reflected by the
two-phase models. The Zhang and Sarica (2006)
three-phase model clearly shows the right trend of the
total liguid holdup change with the water cui, but the
predictions are all significantly lower than the
experimental measurements. The OLGA software
appears to be sensitive to the cil-water flow pattern
changes, but with a wrong trend.

Water Holdup

The two-phase flow models can not give predictions
of oil or water koldup individually. Only the Zhang
and Sarica {2006} unified three-phase model and
OLGA predictions are compared with experimental
data. Table 4 shows the medel evaluation resuits for
walter holdup with the experimental data of the
present study. Both of them underestimate the water
holdup (negative g, and g, values) OLGA
predictions are better than that of the Zhang and
Sarica (2006) model predictions. Figures 3-11 and 5-
12 show the individual comparison results of model
predictions with experimental measurements.




Conclusion

in this study, 156 tests were carried out for low higuid
leading  gas-ofi-water flow in a 132.4-mm ID
horizontal pipe. This is the first experimental study
on low liquid loading there-phase flow in large
diameter pipes. Pressure gradient, liguid holdups,
welled wall fractions and liquid filr thickness were
reasured in the experiments. Oil and  water
entrainment profile was also investigated,

Several new flow phenomena were observed in the
experiments. A new oil-water flow pattern of water
channel flow was observed. This flow pattern
perbaps exists only in large diameter pipe. The liquid
holdup first decreases and then increases with
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Table 1: Uncertainty Analysis

Parametor Instrament Randoem Systematic Combined
me e uncertainty (95%) | uncertainty (95%) | uncertainty (95%)
Pressure Rosemount pressure 0.14% 1.20% 1.21%
transducer
Pressure drop Rosemount differential 014, 1 20% 121%
pressure transducer
Temperature Rosemount temperature 0.13°C 0.5°%C 0.52°C
fransducer
Gas flow rate Micro Motion flow meter | 0.46% 0.35% 0.58%
Water flow rate | Micro Motion flow meter | 0.13% 0.05% 0.14%
Oil flow rate Micro Motion flow meter | 0.13% 0.05% 0.14%
Wetted wall 2 mm S8 2.2 un SS
- tor Ruler 1 mm
permmeter 3-5 mm SW 3.2-5.1 mm SW
Trapped oil Quzck—closm_g. valve and N/A 1.5% 1.5%,
volume graduated eylinder
Trapped water chk-g{]esmg vaive and NJA 1-5% 1-50
volume graduated cylinder
: L5 mm S8 1.8 mm 88
%\}F\Iratg; ﬁ‘im Conductivity probe 1.0 mm
feRness 2.5-5 mm SW 2.9-5.2 mm SW
o 1.5 mm 88 1.8 mm 8§
f}):f li('im Conductivity probe 1.0 mm
CRRESS 2.5-5 mm SW 2.9-5.2 mm SW
interfacial s s o
- Thermo or dye tracer 8-15% 1% 8.1-15.1%
velocity
L;qm‘ci L;qulq entraimment N/A g, 8%
entrainment sampling system
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Table 2: Model Evaluation with Pressure Gradient Measurements

Statistical Parameters

Model L .

gy (%) g (%0} (%) | a(Pam) | adPaim) | g (%)
Fan (2005) 1.070 8.879 11.233 1.088 3.451 5732
Zhang et al. 8301 | 10967 | 10427 | 3638 | 377 1875 |
{2003
Zhang and -15.848 16.837 27.356 -5.351 5.41] 8.691
Sarica (2006)
OLGA ~13.099 13.862 25356 -3.744 3984 6.602

Table 3: Model Evaluation with Total Liguid Holdup Measurements
Statistical Parameters
Moedel -

g (%) | 22(%) | &(%) £4{/) &5 (/) g6 ()
Fan (2005) ~7.137 16.854 23,186 -0.004 0.005 0.607
Zhang etal. -51.293 | 54766 | 35383 | -0.015 | 0.015 0.011
{2003)
Zhang and Sarica | .59.707 | 61.929 132728 | -0.017 | 0.017 0.011
(20063
OLGA -11.706 | 21.284 26.701 -0.003 .006 0.007

Table 4: Model Evaluation Using with Water Holdup Measurements
Statistical Parameters
Maodel

e (%) | &% | &%) (/) &5 (/) es{/)
Zhang and Sarica | 42353 | 56.238 48.921 -(0.005 0.066 0.007
(2006}
OLGA -10.061 | 33.777 45.879 -0.003 6.004 0.006
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Low Liquid Loading Gas-Oil-
Water Flow in Inclined Pipes

Feng Xiao

Advisory Board Meeting, November 6, 2007

Outline
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é Objectives

é Introduction
é Preliminary Literature Review

é Facility and Modifications
é Experimental Study
é Project Schedule

% Fluid Flow Projects Advisory Board Meeting, November §, 2007
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Objectives

# Investigate Low Liquid Loading Three-
phase Flow in Inclined Pipeline

é Acquire Data to Compare with Existing
Model Predictions

é Suggest Modification for Existing
Correlations or Develop New Model If
Necessary

% Fluid Flow Projects Advisory Board Meeting, Novembker 6, 2007

Introduction

R N R g g om0 A :.g_\w?g’ A e

é Low Liquid Loading Corresponds to
Ratio of Liquid to Gas < 1100 m3/MMsm?3

é It Exists Widely in Wet Gas Pipeline

4 Small Amount Liquid can Cause
Significant Increase of Pressure Drop
and Other Problems

% Fluld Flow Projects Advisory Board Meeting, November 6, 2007




Preliminary Literature Review

é Stratified Flow Model

é Annular Flow Model

é TUFFP Low Liquid Loading Studies
& TUFFP Unified Model

g‘; Fiuid Flow Projects Advisory Board Meeting, November 8, 2007

Stratified Flow Model

é Taitel and Dukler (1976)
> Analysis of Equilibrium Stratified Flow

é Cohen and Hanratty (1986)
» Constant Interfacial Friction Factor

é Xiao et al. (1990)
> Interfacial Friction Factor — Combination
of Andritsos and Hanratty (1987) for
Small Diameter Pipes and Baker et al.
(1988) for Larger Diameter Pipes

% Fluid Flow Projects Advisory Board Meeting, November 6, 2087
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é Butterworth (1972)

» Air-Water Annular Flow in a Horizontal
Tube

6 Jayanti et al. (1990)

> Liquid Film Formation based the Shape
of Disturbance Waves

6 Williams et al. (1996)

» Entrainment is Strongly Affected by Gas
Velocity

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP Low Liquid Loading Studies

""" "‘p'ﬂi'ﬂ‘ﬁr“i&'w-ﬁ-v..,wxv-.,:’.-vwvw“;-ﬁ’@%v

é Chen (1997)
» Air-oil, 0°, 77.9-mm ID pipe
4 Meng (1999)
> Air-oil, 0°, 21°, £2°, 2-in ID pipe
é Olive (2001)
> Air-water, -1°, 2-in ID pipe
é Fan (2005)
> Air-water, 0°, +1°, £2° 2-in and 6-in ID pipes
é Dong (2007)
> Air-oil-water, 0°, 6-in 1D pipe

% Fiuid Flow Projects Advisory Board Meeting, Novernber 6, 2087
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TUFFP Unified Model

B ..

¢ Zhang et al. (2003) Unified Model for
Gas-Liquid Pipe Flow

¢ Zhang and Sarica (2006) Unified Model
for Gas/Liquid/Gas Pipe Flow

% Fluid Flow Projects Advisory Board Meeting, November §, 2087
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Facility ...
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% Fiuid Flow Projects Advisory Board Meeting, November 6, 2007

Modifications

(’%‘-"GV A e by P e T g g

é Pipe Inclination Angles -2°, +2°

6 Make Finer Grades on Pipe Inside
Circumference

é Enhance Air Compressor Capacity

é Develop Information Storage Database
to Store Test Data, Images, Videos and
Comments

% Fiuid Flow Projects Advisory Board Meeting, November 6, 2007
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lodifications

é Add Laser Sheet System for Gas-liquid
Interface Shape Observation

Side View

Cross Sectional View

§ Fluid Flow Projecis Advisory Board Meeting, November 6, 2007

Modifications
:Use éeal T:me Caméré Sets to Momtor
Flow Development

Cross Sectional View Side View

g Fluid Flow Projects Agdvisory Board Meeting, November §, 2087
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Experimental Study

6 Planned Measurements
6 Preliminary Test and Main Test
6 Test Matrix on Flow Patiern Maps

g} Fluid Flow Projects Advisory Board Meeting, Novernber 6, 2007

Planned Measurements

é Pressure, Temperature, Pressure
Gradient - PT and TT and DP

é Liquid Holdup - Quick Closing
Valves and Pigging

& Wetted Wall Perimeter - Grades
inside Pipe Circumference

é Liquid Entrainment Fraction - Iso-
kinetic Sampling System

§ Fluid Flow Projects Advisory Board Meeting, November 6, 2087
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Planned Measurements ...

é quuid Film Thickness - Conductivity
Probes

é Phase Continuity - Conductivity Probes

¢ Liquid Film Velocity - Warm or Cold
Liquid Injection, Thermal Probes

é Cross Sectional Image - Cross-sectional
Viewing System

¢ Flow Pattern Image - High Speed
Camera

@ Fluid Flow Profects Advisory Board Meeting, November B, 2007

Preliminary Test and Test

» Water Cuts: 0.0, 1.0; Inclination Angle: 0°

> Validity and Repeatability, Establish Operation
Procedures and Standards

é Test

o V\?ter Cuts: 0.0, 0.05, 0.4, 0.2, 0.5, 1.0; Inclination Angles:
+
¢ Test Matrix
Vsg (mis) Vsi (m/s)
5 0.00025 0.0015 0.003 0.0045 0.008
10 0.0005 0.003 0.006 0.009 0.012
15 0.00075 0.0045 0.008 0.0135 0.018
20 0.001 0.008 0.012 9.018 0.024
25 0.00125 ¢.0075 0.015 0.0225 0.03
% Fluid Flow Projects Advisory Board Meeting, November 8, 2007




Test Matrix on Flow Pattern Maps

Fiow Padeern Mg (4293 Flow Paktern Map (.15
1
2 3
& £ 0t
D i
o L= L
i P . ; A r 1 a 160
Vg, mis Ve, BVUS
i}% Fluid Flow Projects Advisory Board Meeting, November §, 2007

Project Schedule
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é Literature Review — April 2008

é Facility Modifications — March 2008
é Preliminary Tests — April 2008

6 Tests — September 2008

é Data Analysis and Final Report —
December 2008

f{?j Fiuid Flow Projects Adwisory Board Mesting, November 6, 2007
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Low Liquid Loading Gas-Oil-Water Flow in
Inclined Pipes

Feng Xiao

PROJECTE COMPLETION DATES:

Literature REVIEW....cooo i,
Facility Modification ...
Preliminary Testing..........oviioe e
TOSHRE 1o
Medel Development........ooe
Final Report oo,

Objectives

The main objectives of this study are to
experimentally investigate low liquid loading gas-oil-
water flow in inclined pipes, to evajuate the existing
models with experimental data and to suggest
modifications or new developments for the models if
necessary.

Introduction

.............................................. Apnil 2008

..................................... September 2008
..................................... November 2008
...................................... December 2008

and measured at different flow rates, liquid loading
levels and water cuts. The pipe inclination angles
will be £2°.

Literature Review

Low hiquid loading gas-oil-water flow exists widely
in wet gas pipelines. These pipelines often contain
water and hydrocarbon condensates, and small
amounts of condensates can lead fo a significant
pressure loss along a pipeline. Many issues like
hydrate  formeation, pigging frequency and
downstream facility design are dependent on the
pressure and holdup predictions in the pipeline.
Therefore, understanding of the flow characteristics
of low liquid loading gas-oil-water flow is of great
importance in fransportation of wet gas. Due to the
differences in fluid properties, ofl and water may
exhibit significant different behaviors than single
phase liquid. However, very few studies have been
conducted on low lquid loading three-phase flow,
probably due to the complexity and uncertainty.
Although several authors have published papers on
three-phase flow pattern and modeling of three-phase
flow, most of them do not cover the range of low
Hauid loading flow.

in this study, Jow liquid loading gas-oil-water flow
experiments will be conducted in an inclined 6-in ID
flow loop. The flow paltemn, pressure drop, fractions
of the three phases, liquid film thickness, wetted wall
fractions and entrainment fractions will be observed

Although many theoretical wnd experimental
investigations on gas-liquid pipe flow have been
carried oui, just a few studies were focused on low
liquid leading, and even fewer on three-phase flow
with low liguid loading. However, it is in this
domain that npatural gas with condensates is
transported in gas transmission pipelines.

The most comunonly encountered flow patterns in
low liquid leading pipelines are stratified flow and
annular flow. The literature review focuses on
stratified and annular flow studies in horizontal and
near-horizontal pipes, three-phase flow models, as
well as recent studies on low liquid loading
multiphase flow.

Stratified flow is the most dominant flow pattern for
low Hquid loading pipe flow in near-horizontal
pipelines, particularly in downward mclined sections.
The Taitel and Dukler (1976) model for flow-pattem
prediction presents an analysis of the equilibrium
stratified flow. If the flow is found to be stable,
stratified flow exists, The original equilibrium
stratified flow analysis was carried out assuming
smooth interface and that interface shear siress is the
same as the gas-wall shear swress. However, for
actual stratified flow, the interfacial shear stress may
be different.  For stratified wavy flow with small
amplitude  waves, a constant interfacial friction
factor, 0.0142, was suggested by Coben and Hanratty
(1968).  Xo et al (1990} suggested using a




combimation of the Andriisos and Hanratty {1987}
correlation for small dizuneter pipes and the Baker et
al. (1988} correlation for larger pipe diameters (o
predict the interfacial friction factor.

Annular flow is also important for low liguid loading
pipe flow study. Butterworth (1972} studied air-
water annular flow i a horizontal tube. The film
characteristics were measured as a function of
circumferential position, and liquid entrammment
measurerments were made in the gas cove. Javant: et
al. (1990) proposed & new mechanism base on the
shape of disturbance waves in the prediction of the
film thickness distribution for wansporting liguid
fronrthe bottom to the top of the pipe. Williams et
al. (1995) observed a stratification of droplets
because of the influence of gravity, and also showed
that enfrainment Increases strengly with increasing
gas velocity,

Chen et al. {1997) studied tow-phase horizontaf pipe
flow with low liquid lading. The pipe ID was 77.9
mm. Air and Kerosene were used as working fluids.
The gas-liquid interface usually exhibited a concave
shape. The hiquid film-wetted wall fraction, liquid
holdup, and pressure drop were measured. A
mechanistic “double-circle” model and a correlation
of mterfacial friction factor were proposed.

Meng (1999) investigated the low liquid loading flow
in horizontal and near horizental pipelines. The
mclination angles mchuded -2°, -1°, 0°, +1°, +2°, The
pipe ID was 50.1 mm. The test fluids were air and
oil. The gag and hquid superficial velocities ranged
from 5 to 25 wv/s and from G.001 to 0.053 mfs,
respectively. The measurements included Hquid film
flow sate, pressure drop, liquid holdup and droplet
deposition rate.

Olive et al, (2003) conducted low liquid loading two-
phase experiments in a 2-in ID near-horizontal pipe
using water as the liquid phase. The results were
compared with Meng’s (1999} measurements. At
certain superficial gas velocities and relatively high
liquid loadings, an increase of superficial gas velocity
led to an increase of the liguid holdup, The possible
reasens for these phenomena were discussed by the
authors,

Fan (2003) studied the low liquid loading two-phase
flow by experiments and modeling. Using air and
water as the working fluids, the experimenis were
conducted on two different flow loops of 2-in 1D and
o-in ID.  Several models were evaluated with the
expenimental data, finding that most models could
not give good predictions of pressure drop and liquid
holdup, especially for the 6-in I data. A

mechanistic model for fow liguid loading two-phase
flow was developed to predict the pressure gradient
and Hauid holdup.

Zhang and Sarica (2003) proposed a unified mode]
tor the prediction of gas-oil-water flow behavior in
wellbores and pipelines, This model describes three-
phase flow based on two criteria: gas-Houid flow
pattern and oil-water mixing status. The three-phase
flow was treated as gas-liquid two-phase flow if the
two liquids are fully mixed or as a three-layer
stratified flow at low flow rates in horizontal or
slightly inclined pipes. Closure  relationships
describing the distribution between the two liguid
phases were proposed. Fxperimental data of gas-oil-
water pipe flow were used to evaluate the model.

Dong (2007) investigated the low liquid lcading gas-
oil-water flow in a 6-in ID horizontal pipe. The gas-
liguid flow patterns and oil-water distributions were
observed and many flow parameters were measured,
including pressure pradient, liquid holdups, wetted
wall fractions, film thickness and entrainment profile.
Several models were evaluated with the experimental
data, and modifications were suggested,

Experimental Study

Experimental Facility and Flow
Loop

The experimental facility for this study is the 6-in
flow loop which has been used to conduct research
on low liquid loading flow for several years. The test
section 15 made of 6-in ID pipes and consisis of two
runs connected with a U-shape bend. Rach run is a
36.4-m long stee] pipe with an acrvlic visual section
at the end of it. For liquid, especially oil holdup
measurement, a pigging system has been installed on
the first run, with which the liquid holdup can be
measured accarately and quickly (Dong, 2007).

The mchnation angle of the test section can be
changed from 0° to 2°, maling it possible to have
downward flow with inclination angle down 1o -2°
and upward flow with mclination angle up to +2"with
the two runs, respectively.

Instrumentation and Data
Acquisition

The instrumentations are designed based on the
desired parameters: flow rates of three phases,
temperature, pressure, pressure drop, oil and water
holdups, wetted wall perimeter, liquid entrainment in




gzes phase, liguid fitm thickness, phase continuity and
tiguid film velocity. The cross sectional images and
flow patiern images will alse be required, Al the
current instrumentation and the DeltaV'™  digital
acqusition system will be used in the upcoming tests,
Flease refer to Dong {2007) for detaiis.

Anticipated Modifications

‘T'he pipe inclination angle will be changed. The first
run of the loop will be changed to +2° while the
second run to -2°.  This way, the upward and
downward flow experiments can be carried out
simulianeously

Fmer grades inside the pipe circumference need to be
made to obtain more accurate measurements of
wetted wall perimeters,

The capacity of the air compressor needs fo be
inereased. The current air compressors can supply up
to 175 m/s superficial gas velocity,  Higher
superficial gas velocity is needed to study the
entrainment and annular flow behaviors.

A laser sheet system for acquisition of the gas-liquid
interface shape will be added. The existing cross
seciional view gystem failed to obtain a clear shape of
the interface. A laser sheet can illuminate the liquid
with some fluorescence. The difference of the
brightness between liguid and gas can depict a clear
liquid interface (see Fig. 1)

The real time camera sets will be placed on the flow
loop. The initial plan is to place 3 monitors on each
rum, as shown in Fig. 2. Those cameras are expected
to ephance test efficiency by monitoring the flow
development from the computer room.

VBA will be used to develop an Information Storage
Database to store test data, images, videos and
comments, There are 150 cases for each inchination
angle and each case contains 17 parameters and
several images. It is necessary to use a tool fo
arrange so much information logically and orderly. It
will be easier and quicker to demonstrate and analyze
those data.  VBA [acilitates the execuiion of

fu—y

complicated operations/usages within Excel, which
offers plenty of database features and can be
combined with other database software such as
Access, FoxPro and SQL Server.

Test Fluids

The fluids that will be used in the experiments are air,
mineral oil and tap water.  Due to its good
separability and stability, Tulco Tech 80 oil is
selected as the oil phase. 'The physical properties of
the oil are given below.

s 332 API gravity

«  Density 858.75 kg/m’ @ 15.6 °C

e Viscosity: 13.5 ep @ 40 °C

s Surface tension: 29.14 dynes/om @ 25.1 °C

+ Interfacial tension against water: 16.38
dynes/cm @ 25.1 °C

e Pour point temperature: -12.2 °C

»  Flagh point temperature; 185 °C

Testing Range

In this study, the proposed superficial gas velocity
ranges from 5 m/s to 23 m/s with a step of 5 m/s.
The liquid loading level ranges from 50-1200
' /MMsm®. The water cut changes fiom 0 to 100%.
Inclination angles will be -2 ° and +2° from
horizontal.  Figure 3 shows the gas-liquid test
matrices on the flow pattern maps generated using
the Faitel and Dukler model (1976).

Project Schedule

e Literafure review — April 2008

s  Facility modifications — March 2008
e Prelimuinary tests — April 2008

*  Tesis -~ September 2008

*  Data analysis and final

December 2008

report —
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Figure 1: Laser Sheet System
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New Dimensionless Parameters and a
Power Law Correlation for Pressure
Drop of Gas-Liquid Flows in Horizontal
Pipelines

Al-Sarkhi Abdel
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Outline

é Objectives

¢ Introduction

é Theory

¢ Comparison with Experimental Data

é Conclusions
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Objectives

& New Dimensionless Parameters

é Simple and Quick Correlation to
Predict Pressure Drop During Gas-
Liquid Flow in Horizontal Pipes

{gj Fiuid Flow Projects Advisery Board Meeting, November 6, 2007

Introduction

A A s ""‘?Lﬁ‘”‘ 4,5:;&“ g = o~

6 Compared to Single Phase Flow, Two-
phase Flow

»More Complex
» Different Patterns

» Few Relevant Dimensionless
Numbers

6 Finding Dimensionless Parameters to
Simplify Correlations and Models is
Extremely Important

@ Fluid Flow Projects Advisory Board Meeling, November 6, 2007
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introduction

é Correlations
» Successful in Prediction Pressure Drop
for Certain Flow Conditions Only

» Constructed With Large Number of
Constants and Parameters Which Make
Them Inconvenient to be Easily Used

» Based on Using Different Plots or
Equations for Different Conditions

A Flow Pattern, Superficial Velocities, Pipe
Diameter, Gas and Liquid Densities, Etc.

g Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Theory

R A M AT G A g e

1. Stratified Flow

dx
d
- AG (_(:{_f_] — Tye SG _ TiSi = {) (2) Gas Momentum

— AL (gf_) - TWLSL <+ z'iS.i =0 {1} Liguid Momentum

iggf Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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Theory - Stratified Flow ...

& Assuming Gas and Liquid Pressure
Gradients are Same at a Given Pipe Cross
Section and by Adding Eqs. 1 and 2

dar ~1

= : [/"'"WG Sg + TSy ] (3)

dx A, +Ag
2 [j2

. 7 L Ug _ s FPcYc

WL T 4L WG T oSG
2 ’ 2
Liquid shear Gas shear
stress stress
§ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Theory - Stratified Flow ...
& Multiplying by, D, and Dividing by The
Dynamics Pressure of Liquid Eq. 3
Becomes

' 2]
(dPld)D  — A J | U2
| )2 =D 2PESLfL“*”SGfG-—5-~—~§wL (4)
YUy Ap | PG U} |

¢ Dynamic Pressure of Liquid=  1/2p,U;
6 Dimensionless Pressure Drop Parameter
« _ D(dP/dx)

/]’5 PJ,U;L

% Fluid Flow Projects Advisory Board Meeting, November 8, 2007
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Theory - Stratified Flow ...

6 The Other Dimensionless Parameter, X*,
is a Ratio of Modified Superficial Liquid
Froude number, Fr;, to Modified
Superficial Gas Froude Number, Fr,

£ U

SL
Fr, \PL— P yJDgcosa

Frs s Us;c; 4
L~ Pe JDgcosa

% Fluid Flow Projects Advisery Board Meeting, November §, 2007

Theory - Stratified Flow ...

M QM g A e . e, S T R L

v Fr, _ /pG
Fry g\ py

6 Using the Parameter, X* Eq. (4) can be
Rewritten As:

2 ~
£ . A ) ( " . . / /1 w .. %
P :MD_%TS;.J{L “%“Sc;f(;t“jf— X ‘r (5)
% Fluid Flow Projects Advizory Board Meeting, November €, 2067




Theory - Stratified Flow

B,

é Using the Following Dimensionless
Parameters (D as a Length Scale)

. A . A
s =2 SEWSG A =% Ag=—%
T "D D* D

é Eq. (5) can be Rewritten as:

pie T1Su Sofo ypa| O
4 Azz A;Z

igf Fluid Flow Projects Advisory Board Meeting, November 8, 2007

Theory - Stratified Flow

é Thus, P*is a Function of X* and other
Parameters (S, f,,f,, D, A, As Si) which
can be Expressed as Unique Functions
of Liquid Holdup (H,)

é There is a Unique Relationship Between
P*, X*and H_

Pg::*fi{ 11 - cffcmez} )

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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Theory

2. Annular Flow

¢ Following the Same Analysis Above, The
Liquid Momentum Equation, Eq. (1) Can
Also be Written for Annular Flow as,

(dP/ dx)D mD[ﬁ]b X{W Su/y , St P (Us WUL)z} -
L

i 2 2
Yo Ug A4, Ay APy U;
F roN2
r =7 pPeUs-U,)
T
2
ig Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Theory — Annular Flow ...

R M g G s G e, e

¢ For Annular Flow, Last Term in Eq. (7)
Can be Approximated as

¢ Using Same Dimensionless Parameters
Defined Above, Eq. (7) Can be Simplified

As, 2 r
[’7\\2 ‘f * '7 Y
P*xéfil 1*{MLS{L£L “‘}“SK,;{[A/_‘A%
i‘\ 4 ,j Aj" ( A[W A : ,3
Again

P =T(S, S, £ Dy A, Ao, S0 X9 = T(X*,H )

% Fiuid Flow Projects Advisory Beard Meeting, Nevember €, 2007




Comparison with Experimental
Data

¢ P*vs. X* Correlation Tested Against 1300
Published Experimental Data Points

¢ Data Covers
> Stratified-Smooth, Stratified-Wavy,
Stratified-Atomization, Stratified-Annular-
Transition and Annular Flow Patterns
» Different Inclination Angle, Various Liquid
and Gas Viscosities, Pipe Diameter, Pipe
Type and Pressure

& P* vs. X* Behavior is Self-Similar

Advisory Board Meeting, November &, 2007

g} Fluid Flow Projects

Comparison with Experimental

é All Published Pressure Drop Data
Follows a Power Law Behavior for
Values of X* < 0.3 (Equivalent to
Liquid Loadings < 9750 m3/NMiMsm?,
Which Can be Written As,

P =AxH?

117 Fuid Plow Projects Advisory Baard Meeting, November 6, 2007
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Evaluation of Power Law Equation

iData Seurce Pipe-ID (m) | Angle A B R?
Fan (2005) 0.1524 0 0.0576 -1.7838 0.9988
Fan (2003) 0.1524 2 G.1115 -1.6504 0.9497
Fan (2005) 6.1524 -2 6.038 -1.8761 0.9994
Fan (2003) 0.0501 G 6.0587 -1.8328 0.9944
Fan (2005} 6.0501 2 6.0854 -1.7625 0.5921
Fan (2005} 0.6501 -2 0.0642 -1.8169 | 0.9762*
Meng et. al (2001) 0.6501 0 0.00009 | -1.8565 (0.9949
Meng et al (2001) 0.6501 1 0.66G01 -1.7975 0.9500
Meng et. al (2001) 0.0501 2 0.0001 -1.845 6.9710*
Meng et. al (2001) 0.0301 -1 0.0001 -1.8195 0.9959
Chen et al. (1997) 0.078 0 0.096% -1.7285 0.9951

*Note: Onily data with X™>0.3 has the values of R<0.98
§ Fiuid Flow Projects Advisory Board Meeting, November 6, 2807

Evaluation of Power Law Equation

M o M X g

Data Source Pipe-TD () | Angle A B R?
Paras et al{1994} 0.051 & 0.1337 | -1.6826 | 09872
Kokal (1987} 0.0762 @ 02393 | 11329 | 09435
Kokal (1987} 6.0762 -9 0.0651 -1.36%3 | 09272%
okal (1987} 0.0762 -5 0.0683 | -1.4971 | 0.9330%
Andritsos (1986} 6.095 0 0.118% | -1.8737 1 09889
Andritsos {1986} 0.025 0 0.23061 -1.6287 | 0.9809
pukherjee (1979} 0.0381 0 0.03e6 -1.964 0.9788
Cheremisinoff (1977) 0.663 0 G.0964 1 -1.7666 | 0.9740
Beggs & Brill {1973 0.G625 G 0.678 -15639 1 0.9383F
Begps & Brill {1973 0.825 10 0.9017  -D.8887 | G.9017*
Heges & Brill {1973} 0.023 -1 0.5257 | 09614 | 0.9199*
Begos & Brill (1973)]  0.0381 0 64799 | 211338 | 0.9697
Bepgs & Brill (1973) 0.0381 1o 10769 | -1.1083 | 0.9270*
Beges & Brill (1973 003381 10 0.3224 1 -1.254% | 09740
% Fluid Flow Projects Advisory Board Meeting, Movernber §, 2007




Chen et al. (1997) Data for Air and
Kerosene in 3 in. Pipe

Example 1

4.0045
0004 | UsufUs
0.0035 - —a—(.013

oo | 20
0025 - ’
05002 —&— 0,065
) g (3,108
0005 4 152
0.001 -

0.0005 +
0

dP/dx {psi/ft)

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Chen et al. (1997) Data for Air and
Kerosene in 3 in. Pipe

~1;/\? A A g g ?mﬂv ‘»-%

Example 1:
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2 : e
\ + Chenatal
100 \ f—Power low
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P*
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X'k
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Badies et al. (2000) Air and Water in
10.079 m ID Pipe (Stratified Wavy Flow)

O S T S M S S 00

"E'“Q"’i*’

Example 2:
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0.0 : v ; .
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ig:; Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Badies et al. (2000) Air and Water in
0. 079 m ID P:pe (Stratified Wavy Flow)
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Example 2:
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Power Law Evaluation: Published Data
for Gas-Liquid in Horizontai Pipeiines

uGGGCﬁ o
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g Ftuid Flow Projects Advisary Board Meeting, November 6, 2007

Andritsos (1986) Data of Air and
Glyce\urlp Solut;on 0. 0254-m Pipe
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Fan (2005) Data for Air and Water in
0.1524 m Pipe

Different Inclination
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§:§ Fluid Flow Projects Advisory Beoard Meeting, November 6, 2007

Approximate Universal Power Law Equation
Gas- L:qwd Flows in Honzontai P:pes
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Conclusions

é Power Law Fits Very Well All
Published Data For X*<0.3 (LL = 9570
m3/MMsm3)

¢ Pressure Drop Can be Predicted by
Knowing The Mass Flow Rates

é Simplicity In Presenting And
Correlating Many Of The Data Points
in A Single Plot With Two
Dimensionless Groups

@ Fluid Flow Projects Advisory Board Meseting, November 6, 2007

New Dimensionless Parameters and a
Power Law Correlation

N o U o S eI B N G . S0 i 00 0l

Questions & Comments ?

% Fluid Flow Projects Advisory Board Meeting, November §, 2007
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New Dimensionless Parameters and a
Power Law Correlation for Pressure Drop
of Gas-Liquid Flows in Horizontal
Pipelines

Al-Sarkhi Abdel

Abstract

New dimensionless parameters and a simplified
correlation to predict pressure drop during the gas-
liguid flow i honzontal pipes are proposed. The
new cquation fits the published data very well. The
proposed power low equation can correlate the
stratified-smooth, stratified-wavy, stratified-
afornization, stratified-annular-transition and annular
flow patterns. An approximate universal power law
correlation is proposed. The proposed dimensionless
formula can be used for the flow line design purposes
and flow assurance predictions in pipelines,

Introduction

Gas-higuid two-phase fiow in pipes is encountered
frequently in nuclear, chemical and petroleum
industries. Predictions of the pressure gradient and
liguid holdup are very important for designing pipes,
and for maintenance and operation of the downstream
facilities. Compared to single phase fluid flow, two
phase flow 15 mare complex because more unknown
parameters and different phase distributions or
patterns are imvolved. An abundance of empirical
correlations has been developed for predicting two
phase flow steady pressure drops and liguid holdup
(e.g. Chen et al. (1997); Hart et al. {1989); Chen and
Spedding (1981); Hashizume (1985); Dukler at al,
{1964Y; Muller-Steinhagen and  FHeck (1986)).
Michael et al. {1997 used their experimental data o
test the prediction of the pressure drop against
different correlations from  literature. It was
concluded that several correlations  were  oaly
successful in prediction pressure drop for certain flow
pattern enly and prediction of siooth stratified, slug,
and bubble flow were unsuccessful.

All correiations in lierature were based on using
different plots or equations for different conditions
{(flow pattern, superficial velocities, pipe diameter,
gas and liguid densities etc). Most of the correlations

19:

copstructed with. large number of constants and
parameters which makes it inconvenient to be easily
used. The simplest model found in literature is by
Muller-Steinhagen and Heck, which is still more
complicated than the present proposed model and has
several restriction conditions which must be satisfied
before it can be applied.

Several unsuccessful attempts have been made to find
& universal correlation for pressure drop prediction
similar to that i single phase flow of pressure drop
or even to form a dimensionless group that better
presenting the data without much of constrained
conditions.  Finding dimensionless parameters to
simplify the correlations is extremely important. This
paper presenis a new correlation with two new
dimenstonless groups; the normalized pressure
gradient and the ratio of modified Hagunid and gas
Froude numbers. This dimensionless numbers can be
obtained from the momentum equation of Hquid and
gas. The new correlation covers the siratified-
smooth,  stratified-wavy,  stratified-atomization,
stratified-annular-transition and  annular  flow
patterns,

Theoretical Analysis

Stratified Flow

The Lguid and gas momentum equations for a
stratified horizontal flow that shown in Fig. 1 can be
written respectively as;

dr
AAL(W TS, TS, =0 (L
)
(dP
= Ayl = = TS~ 7,8, =0 @
\dx ) '

Where (dP/dx) is the pressure gradient, 4; and A are
the cross sechional area covered of Hguid and gas




respectively, Ty, and Tpp are the hquid and gas
wall shear slrasses, respectively, S, and Sy are the
wetted perimeter of liquid and gas, respectively, and
7;and S; are the interfacial shear siress and the

interface distance between the two phases.

Assuming the gas and Liquid pressure gradients are
equal at a given pipe cross section, the following
pressure gradient equation, Eq. 3, can be found by
adding Eqgs. 1 and 2.

dP

dx

~1

—— Ty S, |
A, + A, WL L]

(3)

[Z WG G

Liquid and gas shear stresses arc expressed,

respectively as,

{2

Ty = 11 pLE =, (4}
UM

Twe = Jo ™7 pC (3)

Whete £, p, U are the friction factor, density and
velocity.

By multiplying with the pipe diameter, D, and
dividing by the dynamic pressure of the liquid,
yo, LU% /2, Eq. 3 can be simplified and rearranged

P U;

S[,fL+SGfG pL
(6)

A dimensionless pressure drop parameter can be
defined as,

as,

(dP/d0)D _ =4, {
%PLU;L Az

P D{(dP/ dx)
%PLU;},

Where D is the pipe inner diameter, {dP/ dx ) is the

N

pressure gradient, £, 1s the density of the liquid and
Us, is the superficial liquid veloeity and A4; is the pipe
cross sectional area.

The other dimensionless parameter, X, is defined asg
the ratio of the Modified Froude number, Fr;, based
on the superficial liquid velocity to the Modified

/f f}, A;’,; A o

Froude number, Frs based on the superficial gas
velocity.
i

X
Fre

(8)

The modified gas and liquid Froude numbers are
respectively given with Egs. 9 and 10.

i Ljﬂ"
P’r o i pG SG (9)
& .
\ P, —Pe JDgcosa
: U,
JVI'L - iOL A {}O)

P~ Ps yJDgeosa .

Where g is the acceleration due to the gravity, and &
is the angle of inclination of the pipe. The Froude
number ratio can be rewritten using Egs. 9 and 10 as
follows:

x =2 %‘1 (11
L

Where 7, and 1 are the liquid and gas mass flow

rates, and g, and p, are the liquid and gas

densities.

Using the parameter, X*, defined above, Eq. (6) can
be rewritten as:

P = 12)

2
A A -
WD““;I"“‘Z“ SLfiJ“?SGfG{wéj} X 2

L

Furthermore, Eq. {(12) can be simplified using the
following dimensionless parameters for the length
scale:

L3 LS1 # S A 3 A
R e
U pY D D? ¢ p?

Equation (12) can be written as

[Si,  Sifs oo
?\A‘ A{; i

4

Pr=—t (14)
4

Thus, P*is a function of X* and other parameters (S,
5. which can be expressed as unigue




functions of liquid holdup {H;). This indicates that
there is a unique relationship between ¥, X¥ and H.

Annular Flow

Following the same analvsis above, the Iguid
momentun equation, Eq. (1} can also be written for
annular flow as,

h

; 2
@Pidb _ e |
npls Ay )

| Sify S pe We=U,Y %
A

: 73
l 4, 4, p; U,
Note that for an annular flow {J, << U, then last
Eq. (15)
Uy - UL)Z = U(z; , then, using the same

dimensionless parameters defined above, Eq. (13) can
be simplified as,

term  in can be approximated as

2 r © = 3

B { S.Ff
P*:{E) m{{wsﬂfgfi +W{ XL e

4] A, L A A J

Here, again, P* is a function of X* and other
parameters which can be expressed as unique
functions of liquid heldup (Hy). This indicates that
there is a unique relationship between and P*¥, X* and
H;.

Comparison with Experimental Data
and Correlation Development

in general, P*—X*¥ correlation tested against 1300
published expertmental data points that covers the
stratified-smooth, stratified-wavy, stratified-
atomization, siratified-annular-transition and annular
flow patterns, different inclination angle, various
Hauid and gas viscosities, pipeline diameter, pipe
type and pressure, and showed very self-similar
behavior. An example of how weil the P* and X*
can correlate a gas-liquid flows can be shown in Figs.
2A and 2B for the data of Chen et al, (1997},

Using the P* as an ordinate and X as abscissa all the
published pressure drop data {see Fig. 3) follow
atmost exactly a power law like formula for the value
X* < 0.3 {equivalent to liguid loadings less than 9750
e MMsm®, which can be written as,

P= XY (173

{95

Where 4 and B are correlation constants. The data
start to deviate from the power law for the values of
A* > 03 In many cases the power law can be
extended to & higher value of X¥ than 0.3,

In Fig. 3, one large diameter high pressure data (in
the froth/slug flow pattern) of Brill et al. in Prudhoe
Bay Deld iz also plotted and swprisingly showed
good trend even # has value of X* > 0.3 and a
forth/stug flow pattern and the pipe 1s not horizontal.
Figure 4 shows another example of a very good fit for
a liguid at a different hquid viscosity. Figure 3
shows the inclination effect on the power law trend.

Table 1 shows a comparison of selected published
data with the proposed power law. The first, second
and third columns give the dala source, pipe
diameter, and pipe inclination angle information,
The forth and fifth columns show the power law
constants while the sixth column shows the R-
squared value or the cocfficient which reveals how
closely the esftimated values comespond to the
experimental data points. Although Egs. 14 and 16
are derived for a horizontal pipe, the comparison in
Table 1 shows that the power law relation is still
useful for inclined pipes as can be seen in Fig. 4.

Finally, an approximate universal power law
correlation for the values of X*<0.5 is proposed for
horizontal pipes. The proposed correlation versus the
published data for different pipe diameter, varies flow
paitern, superficial gas and liguid velocities, gas and
liquid densities, pipe type and pressure znd liquid
viscosities (from 0.78- 80 CP} is shown in Fig. 6.
The best curve that fits the data can be writlen as,
P =0.0895x 1% (18)

The R* value for the equation is 0.9815.

Concluding Remarks

The proposed power law formula fits very well all the
published data for X* < 0.3 which is encountered In
the low-liquid loading studies. The equation start to
deviate from the power low for values of X*>0.3 but
still can be extended to higher values of X™ as shown
in Figs. 3 and 6. P*—X* power low equation can
correlate  the  stratified-smooth  stratified-wavy,
stratified-atomization, stratified-annular-transition
and annular flow patterns.

The formula is useful to predict the pressure drop for
the design purposes by knowing the muss flow rates
of gas and hquid or can be used to predict the amount
of liquid presented in a pipeline by knowng the




pressure drop.

The simplicity in preseniing and

correlating many of the data points in a single plot

with two dimensionless groups
variables is another big advantage.

for wvariety of

Nomenclature
AB Constanis in the power law equation
Ag Cross sectional area of a pipe occupied with gas
Ay Cross sectional area of a pipe ocoupied with liquid
D Pipe diameter
H, Liguid holdup
Ugy Superficial Liquid velocity
dP ,
s Pressure gradient
dx
iy Liguid mass flow rate
g Gas mass flow rate
S Liquid welted pipe perimeter
S Gas wetted pipe perimeter
5 Interface length between gas and liguid
Ty Liquid wall shear stress
Ty Gas wall shear stress
7; Interfacial shear stress
2 Liquid density
P Gas density
X Modified Froude Number Ratio
P* Normalized Pressure

196




References

ot

Ld

10

13.

14.

Andriisos, N., 1986, Effect of Pipe Diameter and Ligquid Viscosity on Horizonial Stratified Flow. Ph.D.
Dissertation, University of [linois, Urbana, Hlinois.

Beggs. L. D., Brill, J. P, 1973, A Study of two-phase flow in inclined pipes, SPE Joumal of Peiroleum
Technology 25, 607-617,

Brill, L. P., Schmidt, Z., Coberly, W. A, Herring, . D., Moore, D. W., 1981. Analysis of two-phase tests in
large-diameter flow lines in Prudhee Bay Field. Society of Petroleum Engineers Journal 21, 363-378,

Chen, X. T, Cai, X. D, Brill, J. P, 1997, Gas liquid stratified-wavy flow tn horizontal Pipelines. ASME 1.
Energy Res. Tech. 119, 209-216.

Cheremisinoff, N. P., 1977, An Experimental and Theoretical Investigation of Horizontal Stratified and
Annular Two-Phase Flow with Heat Transfer, Ph.D. Dissertation, Clarkson College of Technology,
Potsdam, New York.

Dukler, A. E., Moye, W., Cleveland, R. G, 1964 Frictional pressure drop in two phase flow: A comparison
of existing correlat:ons for pressure loss and holdup. AIChE § 10, 38-43,

Fan, Y., 2005. An Investigation of Low Liquid Loading Gas-Liguid Stratified Flow in Near-Horizontal
Pipes. Ph.D. Disseriation, University of Tulsa, Tulsa.

Hart, )., Hamersma, P. J, Fortuin, J. M. H., 1989, Correlations predicting frictional pressure drop and
liquid heldup during horizontal gas-liquid pipe flow with a small liquid holdup. International Joumnal of
Multiphase Flow 15, 947-964.

Hashizume, K., Ogawa, N, 1987. Flow pattern, void fraction and pressure drop of refrigerant two-phase
flow in a horizontal pipe. International Journal of Multiphase Flow 13, 261-267,

Kekal, S. L., 1987. An Experimental Study of Two-phase Flow in Inclined Pipes. Ph.D. Dissertation,
University of Calgary, Calgary, Alberta.

. Miiller-Steinhagen, I., Heck, K., 1986, A simple friction pressure drop correlation for two-phase flow in

pipes. Chemical Engineering and Processmg, Volume 20, Issue 6, 297-308.

Michael E. |, Ferguson, G., Speddmg, P., 1995, Measurement and prediction of pressure drop in two-phase
flow. Joumal of chemical technology and biotechnology, 63, 3, 262-278.

Meng, W., Chen, X. T., Kouba, G, Sarica, C., Brill, 1. P, 2001, Experimental study of Low-liguid-loading
gas-liquid flow in near-horizontal pipes. SPE Journal of Production and Facilities 16, 240-249,

Mukherjee, H., 1979, An Experimental Study of Twophase Inclined Flow, Ph.D. Dissertation, The
Uriversity of Tulsa, Tulsa, Oklahoma.

Paras, S. V., Vlachos, N. A, Karabelas, A. J., 1994, Liquid layer characteristics in Stratified-Atomization
Flow. Internaticnal Journal of Multiphase Flow 20, 939-936.

. Spedding, P. L., Chen, 1. J. 1., 1981, A simplified method of determining flow pattern transition of two-

phase flow in a horizontal pipe. International Journa! of Multiphase Flow 7, 729-73 1.




Table* 1. Evakluation of the power law equation using published data

Data Source Pipe-1D (m) Angle A B R*
Fan (2005) 0.1524 g 0.057¢ | -1.7838 | 0.998%
Fan (2005 0.1524 2 01115 | -1.6504 | 0.9897
Fan (2005) 0.1524 -2 0.038 -1.8761 | 0.9994
Fan (2005} 0.0501 G 00587 | -1.8328 | 0.9944
Fan (2005} 0.0501 2 0.0884 | -1.7623  0.9921
Fan (2005) 0.0501 -2 0.0642 | -1.8169 | 0.9762*
Meng et. al (2001) 0.0301 0 0.00009 | -1.8565 ; 0.9949
Meng et. al (2001 0.0501 I 0.6001 -17975 | 0.9900
Meng et. al (2001) 0.0501 2 0.0001 -1.845 0.9710*
Meng o, a1 (30015 0.0501 7 00001 718195 | 6.9999
Chen et al. (1997} 0.078 0 0.0909 | -1,7285 | 0.9951
Paras et al(1994) 0.051 0 (0.1337 | -1.6826 | 0.9872
Kokal (1987} 0.0762 0 0.2393 | -1.1329 | 0.9435%
Kokal (1987) 0.0762 -9 0.0651 | -1.5695 | 0.9272%
Kokal {1987) 0.0762 -5 0.0683 | -1.4971 | 0.9350%
Andritsos (1986) 0.095 0 (G.1189 | -1.8737 { 0.9839
Andritsos (1986) 0.025 G 0.2301 | -1.6287 | 0.9809
Mukherjee (1979} 0.0381 0 0.0366 | -1.964 | 09788
Cheremisinoff (1977} 0.063 0 0.0964 | -1.7666 | 0.9740
Begps & Brill {1973) 0.025 G 0.678 -0.9639 | §,9393*
Beggs & Brill (1973) 0.025 10 G.9917 1 -0.8887 | G.0017*
Beggs & Brill (1973) 0.025 -10 0.5257 1 -0.9614 | 0.9199*
Begas & Brilt (1973 (.0381 0 4759 | 11338 1 0.9697
Beggs & Brill (1973 0.0383 10 10769 -1.10685 | 0.9270*
Beges & Brll (1973) 0.0381 -10 0.3224 1} -1.2549 | 09740

*Note: Only data with X™>0.3 has the values of R°<0.9%
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dP/dx (psi/ft)

Figure 1: Stratified flow configuration and parameters

Usg (ft/s)

Figure 2A: Chen at al. (1997) data for air and kerosene in 3.068 inch pipelins
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Figure 2B: Chenp at al. (1997) data for air and kerosene in 3.068 inch pipeline
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Figure 3: Power law evaluation using published data for gas-liquid in horizental pipelines
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Figure 4: Andritsos (1986) data of air and Glycerin solution for different viscosity in 0.0254-m pipeline
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Figure 5: Fan (2003) data for air and water in 0.1524 m pipeline at different inclinations

261




1000000
100000 >
10000 |~
1000 +

x
o 100
10
1

0.1
0.0001 0.001 0.01 0.1 1
X’k

+ [atla
—Power low

Figure 6: An approximate universal power law equation for gas-liguid flows in horizontal pipes
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An Experimental and Theoretical
Investigation of Slug Flow for High Oil
Viscosity in Horizontal and Near-
Horizontal Pipes
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6 Significance
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é Modeling Study

6 Future Work

¢ Project Schedule
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Significance

¢ Increase in High Viscosity Oil Offshore
Discoveries

é Current Multiphase Flow Models
Developed for Low Viscosity Oils

4 Multiphase Flows May Exhibit
Significantly Different Behavior for
Higher Viscosity Oils

ﬁ% Fluid Flow Projects Advisory Board Meeting, November §, 2607

Significance ...

T S o S O SRR S S St S

6 Gokcal (2005, TUFFP) Conducted
Experimental Study

é Performance of Existing Models is not
Sufficient

é Increasing Oil Viscosity has Significant
Effect on Flow Behavior

%‘% Fiuid Fiow Projects Advisory Eoard Meeting, Movember §, 2067
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Objectives

é Acquire Experimental Data on
Characteristics of Slug Flow for High
Viscosity Oil

é Develop Closure Modeis on Slug
Flow for High Viscosity Oils in
Horizontal and Near-Horizontal Pipes

é Validate Proposed Models with
Experimental Results

mﬁ Fiuid Flow Projects Advisory Board Meeting, November §, 2007

Literature Review

A B RO NN M R o R R ey e e e

é Literature Review Covers Slug Flow and
Effects of High Oil Viscosity on
Multiphase Flow Studies

é Literature Review was Presented at TUFFP
Advisory Board Meeting Brochure of April
21, 2007

%,,%% Fluid Flow Projects Advisory Board Meeting, November €, 2007




Experimental Facility

R b . S S . . . IO . . il

4 2-in ID High Viscosity Indoor Experimental
Facility
» Test Section
> Metering Section
» Heating System
» Cooling System

m% Fiuid Flow Projects Advisory Board Meeting, November B, 2007

Experimental Facility ...

Test Section

2-in ID High Viscosity Indoor
Facility

§M§§- Fiuid Flow Projects Advisory Board Meeting, November §, 2007
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Facility Modifications

¢ Change Oil Tank (1500 gallon)

¢ Connect Cooling System of Single
Phase Deposition Facility to High
Viscosity Facility

é Install Visualization Box on Test
Section

¢ Install New Capacitance Sensors and
Laser Sensors on Test Section

§§§ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Laser Sensors

%}% Fluid Fiow Projects Advisory Board Meeting, November 6, 2607
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Cooling System

Advisory Board Meeting, November 6, 2007

@ Fluid Flow Projects

ity

imental Fac

Exper

&

Advisory Board Meeting, November 6, 2007

% Fluid Flow Projects
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Test Fluid

Company | Product Name | Grade | °APl | Viscosity {40 °C} V?S::ty
{ Citgo Sentry Olls 220 276 220 cp a5

BB E B
)

2

*
&
4 -

Fluid Viseosity, cf
FPHEIG DENSILY, B/
5 3

BE 8 8

[ :

[ T S - < R A ] .
mow & ®w #W v wm Wm W W

Averape O ‘Tosrperatury, T JR— o F
§_§§ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Testing Range

R R M M LM R i g g . G i, el I,

TP i

é Focused on Intermittent Flow
(Elongated Bubble and Slug Flow)

¢ Significant Amount of Air Bubbles
Entrained in Liquid with Increasing
Gas Flow Rate

é New Mixture Appeared as Foam

6 Critical Air Velocity Has to Be Known
to Prevent Foaming

§§§ Fiuid Flow Projecis Advisery Board Meeting, November &, 2007
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Testing Range ...

14

1% SDBE 2 8L e EB
ComoSW R SL-AN X AN

Fa %

1 E & EA Y & ¥
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£ 011 © & a4 & woox
=
@ 1 &
& ® & & A ( x

0.01 ¢ & @ i X

0.001
.01 0.1 1 10 100

. Vg (m/s)
%}g Fluid Flow Projects Advisery Board Meeting, November §, 2007

Instrumentation

T G S e e R S e o R e

é Pressure and Differential Pressure
Transducers

6 High Speed Video System
é Laser Sensors

é Quick Closing Valves

¢ Capacitance Sensors

§~§§ Fluid Flow Projects Advisory Board Meeting, Nevember b, 2007




Modeling Study

L““ 7 ? LF _‘5
//f = B e 7
> A
£ H
N

¢ Transiational Velocity
¢ Slug Holdup and Bubble Velocity in Liquid Slug Region
¢ Slug Length and Frequency
4 Film Void Fraction
¢ Falling Film in Bubble Region
¥ Thickness
* Velocity
%gg Flaid Flow Projects Advisory Board Meeting, November 6, 2007

Translational Velocity

e A g i‘}””ﬁ““ﬁu"‘@‘“‘ﬁ-’;f;'?”

g b A g g g

¢ Nickiin et al. (1962) proposed
vp = Cyv, +v),
6 Wallis (1969), Dukler and Hubbard (1975)

» No Drift Velocity Considered for Horizontal Case
Since Gravity Can not Act in Horizontal Direction

& Zukoski (1966) and Benjamin (1968)

> Drift Velocity Exists for Horizontal Case and Value of
Drift Velocity Can Exceed Vertical Case Value

%;g% Fluid Flow Projects Advisory Board Meoting, November g, 2047




Drift Velocity

¢ Benjamin {(1968) Proposed
' v, =0.54,/gD
& Zukoski (1866) and Bendiksen {(1984) Supported
Study of Benjamin Experimentally
¢ Zukoski (1966)

> Effects of Liquid Viscosity, Surface Tension, Pipe
Inclination on Motion of Single Elongated Bubbles
in Stagnant Liquid

» Effect of Viscosity Negligible on Drift Velocity for

Re>200
% Flutd Fiow Projects Advisory Board Meeting, November 6, 2007
Drift Ve!ocnty
"B o " -"iv N T M s "i* L R g g e g '5“5”5'*"’

é Bendiksen (1984) Proposed for All
Inclination Angles

v, =V cos f+v)sin fB

é No Published Studies Addressing Effect
of Viscosity on Drift Velocity Found
Other than Zukoski’'s Study

é Drift Velocity is Expected to Be Affecied
by High Oil Viscosity

2

§§§ Fluid Flow Projecis Advisory Board Mesting, November §, 2007




Drift Velocity ...

é Based on Benjamin’s Theoretical Study
Related to Translational Velocity, Existing
Facility Modified

V ‘ L

{3% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Drift Velocity ...

g Mg g Al o A o e S kG A g s U, . . o

Water (Measured)!
0.3s A Benjamin Model

vy{m/s)

¢ 4.5 1

{Duns & Ros}

%% Fiuid Flow Projects Advisory Board Meeting, Novernber 6, 2007




Drift Velocity ...

é Wallis (1969) Proposed
Froude Number ™~

i
Fromotbo P

2T G N (s - o)

Archimedes Number
Viscosity Number > N, = a0, -
[ oum Yot {ﬂig(pz. e )} i

i

i

gD (p, - py)

Edtvds or Bond Number Y,
o

gD (p, - po)

ﬁ? Fiuid Flow Projects Advisory Board Meeting, November 6, 2007
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Drift Velocity ...
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e
%%” Fluid Flow Projects Advisory Board Mesting, November &, 2007
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Drift Velocity ...

Experimental Study Program

Single Large Bubble in Stagnant Liquid
(Liguid Drainage)

|

Single Large Bubble in Flowing Liquid

|

Continuous Slug Flow

‘%}% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Future Work

R M L g M 5 i g A ey vﬁry

¢ Complete Drift Velocity Study
é Complete Facility Modifications
¢ Shake Down Tests of Facility

¢ Prepare Testing Program
¢ Conduct Experiments
¢ Develop Closure Models

ﬁ% Fluid Flow Projecis Advisory Board Meeting, Noveraber §, 2007
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Project Schedule

¢ Literature Review Completed
6 Facility Modifications February 2008
é Preliminary Testing March 2008
é Testing June 2008
é Model Development August 2008
é Model Validation October 2008
é Final Report December 2008
T3] Fluid Flow Projects Advisory Board Meeting, Novermber 6, 2007

Questions & Comments
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w% Fiuid Flow Projecis Advisory Board Meeting, Noversher §, 2007




An Experimental and Theoretical
Investigation of Slug Flow for High Oil
Viscosity in Horizontal and Near-
Horizontal Pipes

Bahadir Gokcal

PROJECTED COMPLETION DATES:

LAerature REVIBW ..o oottt e et e e as e et s s et Completed

Factiity Modifications ..ot February 2008

Preliminary TESUIIE ..o et et uea e et eebans March 2008

QL3 T OO OO O ST PU RV PSP June 2008

Medel Development.... e August 2008

Model VAHARLON. (... et -October 2008

FINAL ROPIOTE oo e ettt oot et b s bt December 2008
obj ectives oils. Many flow behaviors will be affected by the
figuid viscosity, including droplet formation, surface

The objectives of this study are:
« {0 acquire experimental data on characteristics of
shug flow for high viscosity oil,

» to develop closure models on shug flow for high
viscosity oils in horizontal and near-horizontal
pipes,

« to vahdate proposed models with experimental
resulis,

Introduction

High viscosity oils are produced from many oil ficlds
around the world. Ol production systems are
currently flowing oils with viscosities as high as
16,000 cp.

Current multiphase flow models are largely based on
experimental  data  with  low  viscosity liguids.
Commenly used laboratory hquids have viscosities
less than 20 ¢p.  Thus, the gap between actual
laboratory data and field data can be three orders of
magpitude or more. Therefore, the current
mechanistic models need to be verified with higher
liguid viscosity experimental results. Modifications
or new developments are necessary.

Almost all flow models have viscosity as an intonsic
variable, Multiphase flows are expected to exlubit
significantly different behavior for higher viscosity

-
i
i

waves, bubble entrainment, slug mixing zones, and
even three-phase stratified flow,

Gokeal (2005) eonducted an experimental study to
investigate the effects of high oil viscosity on two-
phase oil-gas flow behaviors. The comparison of
experimental data apgainst existing models showed
that the performances of existing models are not
sufficient for high viscosity oils. It was found that
mcreasing o1l viscosity bad a significant effect on
flow behaviors. Mostly, intermittent flow {slug and
elongated bubble) was observed in his study. Based
on his results, this study is focused on slug How
region for high viscosity oil. The knowledge of the
siug flow characteristics is crucial to design pipelines
and process equipreents. In order to mmprove the
accuracy ef slug characteristics for high viscosity
oils, accurate closure wodels for slug flow are
needed.

The TUFFP High Viscosity Facility (2-in. 1) has
been medified.  Drift velocity experimenis were
conducted at different temperatures for horizontal
pipe.

Amr-highly viscous oil two-phase experiments will be
performed with the 2-in. 1D high viscosity indoor
facility.  Pressure drop and shug charactenstics
including translational velocity, slug liquid boldup,
stug length and frequency will be measured in this
study.



Literature Review

The literature review addressing slug flow and high
viscosity oil in multiphase flow was reported in the
TUFFP Advisory Board Meeting brochure of April
24, 2007. 1t will be a continuing effort until the
modeling studies are completed.

Experimental Study

Facility

The existing indoor high viscosity test facility will be
modified for this experimental study. The facility is
comprised of an 18.9-m (62-i) long, 50.8-mm (2-in.)
ID pipe with a 9.15-m (30-ft) long transparent acrylic
pipe section to visually observe the flow. The
inclination angle can be changed from -2° to 27 from
horizontal. The 76.2-mm {3-in) 1D return pipe is
connected to the test section with a flexible hose.
The return pipe goes to the oil storage tank. The
metering section, lest seciion, heating and cooling
systems are the major components of the facility as
shown in Fig. 1.

There are four differential pressure transducers on the
facility. Two of them are on the transparent acrylic
pipe. The others are on the steel pipe. The purpose
of DP1 and DP2 on the steel pipe is to monitor the
development of the flow before it reaches the fest
section. The DP3 which covers 3.03-m (10-ft) of the
transparent pipe is mainly used for high flow rates.
The DP4 which covers 6.55-m (20-fty of the
transparent pipe is used for low flow rates. The test
section is instrumented to permit continuous
monitoring of liquid flow rate, gas flow rate,
temperature, pressure, differential pressure, and
spatial distribution of the phases. TUFFP high sneed
video system will be used to identify the flow
patterns. New visualization box is instailed on the
acrylic pipe to observe and record flow patiemns n
details.

Separation of oil and air is the biggest challenge of
conducting high viscosity oil tests. The existing oil
tank capacily is 1200 gallon and it is open 1o the
atmosphere. For high flow rates, air bubbles can be
observed in the viscous oil.  Several separation
techniques are investigated to solve this problem. As
a solution, replacing the existing tank with a new
plastic one (1500 gal.} is decided. The tank has an
additional internal configuration located at refurning
pipe. It will be long encugh to reach to oil surface.
This modification will selve oil splashing.

The cooling system is shared with small scale
facility. The 12-ton chiller is not enough when two
facilities run at the same time. After several options
are investigated, it is decided to connect the cooling
system of single-phase deposition facility to high
vigcosity test facility. The cooling system of single
phase facility bhas 60-ton chiller capacity. This
modification will give better opportunity to contro
temperature sysiem precisely dunng fests. Also, a
heat exchanger is needed to trim (add or remove)
temperature  per pass for high viscosity oil
experiments.  Therefore, double tube heat exchanger
will be added to the facility, A modified schematic
of the facility is given in Fig. 1.

New mstruments have been discussed based on the
objectives of the siudy. Capacitance sensors were
used to measure the liquid holdup and slug
characteristics. Their performances were not
sufficient. A new capacitance sensor is designed and
will be installed to the facility, Laser beams and
sensors are installed on the test section. Their
calibrations are completed. They are being used for
the measurement of drift velocity now. They will be
also conducted to measure siug characteristics, A
high speed video camera will be used to capture
details of slug flow. Search for new instruments will
be a continuing effort until facility modifications are
completed.

Test Fluid

The Citgo Sentry 220 oil used in the previous study is
used again as the test fluid. The following are the
typical properties of Citgo Sentry 220:

e Gravity: 27.06°AP1
s Viscosity: 0.220 Pas @ 40°C
e Density: 889 kg/m’ @ 15.6°C

The wviscosity and oil density vs. temperature
behavior for Citgo Sentry 220 are shown in Figs. 2
and 3, respectively.

Experimental Range

Mostly elongated bubble and slug flows were
observed from high viscosity experiments. This
study is focused on intermittent flow (elongated
bubble and shug flow) for high viscosity oils,

It 33 known that significant amount of air bubbles can
be entrained in liquid with increasing gus flow rate.
Diameter of air bubbles gets smaller with higher gas
flow rates. The color of oil changes completely. The
new mixture can be accepted as foam. Foam is a big
challenge for separation. Therelore, a eritical air




velocity has to be known to prevent foam formation
i the experimental study. A study is conducted by
using experimental observations to determine critical
gas velocity that gives transition from air bubbles to
air particles in hquid.  All video recordings are
investigated carefully. It is found that the critical gas
velocity should be 5 /s, If the gas velocity 15 higher
than this velocily, foaming will be observed.

Figure 4 shows the experimental observations of flow
pafterns at oil viscosity of 0.181 Pas. The marked
area i the flow patiern is the velocity limits for
tuture high oil viscosity experiments.

Modeling Study

Stug flow closure models need to be investigated for
high viscosity oil and gas two-phase flow. The
closure models include translational velocity, slug
hoidup and bubble velocity in the liquid slug region,
slug length and frequency, film void fraction, falling
film in bubble region including thickness and
velocity,

Translational Velocity

Translational velocity is composed as superposition
of the velocity of the bubble velocity in stagnant
liquid, i.e. the drift velocity vq ,and a contribution of
the mixture velocity, v,

Nicklin et al. (1962) proposed an equation for
translational velocity as,

v, =Cv, +v,. (H
The parameter C, is approximately the ratio of the
maximum to the mean velocity of a fully developed
velocity profile. C; equals approximately 1.2 for
turbulent flow and 2.0 for laminar fiow.

Wallis (1969), Dukler and Hubbard {1973} claimed
that there is no drift velocity for horizontal case since
gravity can not act in herizontal direction, However,
Zukoski (1966) and Benjamin (1968} proved that
drift velocity exists for horizontal case and the value
of driff value can exceed the vertical case value. The
drift velocity results from hydrostatic  pressure
difference between top and bottom of the bubble
nose.

For the drift velocity, Benjamin (1968) proposed the
foliowing relationship for horizontai pipes,

v, =054,/gD ()

Benjamin {1968) caleulated the value of drift velocity
coeflicient by using inviscid {potential} flow theory
(surface tension and viscosity are neglected.y The
drift velocity in horizontal slug flow is the same as
the velocily of the penetration of a bubble when
higuid is drained for horizontal pipe.  Bendiksen
(1984) and Zukoski (1966) supported the study of
Benjamin (1968) experimentally.

Bendiksen (1984) performed an expenimental study
for velocities of single elongated bubbles in flowing
fiquids at different inclination angles. He proposed
the following equation for all inclination angles,

v, =Vicos f4visin 3)

A : . . .
Where, v, and v, are drifi velocities for horizontal

and vertical flow, respectively,

Zukoski  (1966) experimentally mvestigated  the
eifects of the liquid viscosity, surface tension, pipe
inclination on the motion of single elongated bubbles
in stagnant Hguid for different pipe diameters. He
also found that the effect of viscosity is negligible on
the drift velocity for Re>200. (Re=V, p D/

No published studies addressing  the effect of
viscosity on the drift velocity was found other than
Zukoski’s study. However, the drifl velocity is
expected to be affected with high viscosity.

At this point, the aim of the study is to investigate the
effect of high oil viscosity on drift velocity of single
elongated bubbles in stagnant liquid. Based on future
experimental results, modification of existing models
or new closure model on drift velocity for high
viscosity oils will be necessary,

The existing facility was modified during summer to
cenduct bubble penetration or liquid drainage
experiments. Oil is captured by quick closing valves
at desired temperature. The outlet of the pipe can be
opened to atmosphere manually. When oil is drained
from horizontal pipe, the veloetly of the penetration
of air bubble was measured by laser beams and
SENSOrs. The experiments are performed at
temperatures between 70°F and 1I2°F.  The oil
viscosities coresponding to the above temperatures
arc 124 and 587 <P, respectively.  Moreover, one
experiment is conducted for water,

Figure 5 presents the measured drifi velocities st
different ol viscosities and  surface fensions.
Dimensionless liquid viscosity number, N s apphed
for the graph to show viscosity and surface tension




parameters in one equation. Puns & Ros (1963)
proposed hiquid viscosity number Ny as

i
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it 1s seen that the effect of high viscosity played an
important role on the drft velocity. The drift
velocity decreases with the increase of oil viscosity
and with the decrease of oil surface tension.

Wallis (1969) completed an extensive dimensionless
analysis for inertia, viscous and surface tension
forces.

The dimensionless Froude number for the inertia
forces is defined as,

__ ¥ Ay
(gD)O'S (PL *pc)

Fr

F

. (5)

The dimenstonless viscosity number for the viscous
forces 1s defined as,

N = VD fui.

S - S (6)
. gDz(pL - Pg)

The Eotvis or Bond number for the surface tension
forces is defined as, '

o
N

(N

Es

gDZ(pL “F"(;).

The dimensionless inverse viscosity can be obtained
by combining the first two dimensionless groups,
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Combining Egs. (5}, (6) and (7), the Archimedes
dimensionless number 15 obtained. It depends on only
fluid properties and gravitational acceleration and can
be written as follows
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Figure 6 shows the expenmental resulis for dnft
veloeity vs. Archimedes dimensieniess number. This
dimensioniess number is chosen to observe the effect
of fluid properties. The drift velocity decreases with
the decrease of Archimedes dimensionless number
and with the increase of cil viscosity.

The experimental results show that viscosity
parameter must be added to drift velocity equation
for horizontal pipe. New model on drift velocity for
high viscosity oils is being developed.

Future Studies

The rmoain tasks for the future are:

»  Complete the facihty modifications
e Shake down tests of the facility.

e Prepare the testing program.

+  Conduct experiments.

s Develop the closure models.
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Gas-Oil-Water Flow in Hilly-Terrain
Pipelines

Gizem Ersoy Gokcal

Advisory Board Meeting, November 6, 2007

Outline

é Objectives

é Introduction

é Significance

¢ Three-Phase Flow Effects
¢ Literature Review

é Experimental Facility

¢ Project Schedule

gwgg Fluid Flow Profects Advisory Board Mesting, November 6, 2047
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Objectives

¢ Investigate Three-Phase Flow of Gas-
Oil-Water in Hilly-Terrain Pipelines

¢ Develop Mechanistic Models and
Closure Relationships Based on
Theoretical Analysis and Experimental
Results for Three-Phase Slug Flow
Characteristics in Hilly-Terrain

Pipelines
?&? Fluid Flow Projects Advisory Board Meeting, November §, 2007
Introduction

é Oil-Water Distributions in Steady
State Three-phase Flow

» Stratified Liquids
> Oil Continuous
» Water Continuous

+ | Fiuid Flow Projects Advisory Board Meeting, November €, 2007
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Introduction ...

ﬁ% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Introduction ...
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Introduction ...

9{% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Introduction ...

¢ Hilly-Terrain
Pipelines Consist of
Horizontal, Upward
and Downward
Inclined Sections

%é § Fhuid Fiow Projects Advisory Board Meeting, November 8, 2007




Introduction ...
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¢ Flow May Exhibit
Different Behavior
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m% Fluid Flow Projects Adviscry Board Meeting, November 6, 2007

Significance

Hilly-Terrain Pipelines Cause
é Operational Problems
» Flooding of Downstream Facilities
» Severe Pipe Corrosion
Structural Instability of Pipelines
é Poor Reservoir Management
¢ Production Loss

A7

’ggg Fluid Flow Projects

Advisory Board Maeting, November 8, 2007




Significance ...
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¢ Change in Slug Characteristics
> Slug Length
> Slug Frequency
» Slug Translational Velocity
» Liquid Holdup
é Water Effects
» Flow Assurance Problems
+ Hydrates
+ Emulsions

+ Paraffin Deposition
A Corrosion

ﬁg Fluid Flow Projects Advisory Board Meeting, November &, 2007

Three-Phase Flow Effects

g ?’ﬁm’:@ ﬂuﬁ,m S G A -g,

¢ Hydrodynamics
» Case-1

@g Fivid Flow Projecis Advizory Board Meeting, November 6, 2007
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Three-Phase Flow Effects ...

,:ww@uﬂttmﬂﬂﬂvﬂm$¢%w%%

é Hydrodynamzcs
» Case-2

Fof

§“§§ Fiuld Flow Projects Advisery Board Meeting, November 5, 2007

Three Phase Flow Effects

S,

¢ Flow Assurance:
» Hydrates

+ Segregated Water Can Accelerate Hydrate Formation

4 Oil-Water Dispersions/Emulsions Can Result in
Hydrate Plugs

gg% Fiuid Flow Projecis Advisory Boeard Meeting, Novamber 6, 2007
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Three-Phase Flow Effects ...

é Flow Assurance:

» Emulsions

A~ Phase Distribution Can Change Continuocus Phase
and Liquid Characteristics

§ﬁ§§ Flui¢ Flow Projects Advisory Board Meeting, November 6, 2007

Three-Phase Flow Effects ...

é Flow Assurance:
» Paraffin Deposition
4 Change in Water Wettablility of Pipe Affects Diffusion
of Wax Molecules
A Change in Heat Transfer Characteristics

Fiuld Flow Projects Advisary Board Meeting, November §, 2007
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Three-Phase Flow Effects ...

¢ Flow Assurance:

» Corrosion
A Changes in Slug Length and Frequency
A Water Wet or Qil Wet Pipe?
A Accumulation of Water at Low Spois

6 Prevention of Flow Assurance Problems
» Delivery and Distribution of Chemicals

%}g Fhiid Flow Projects Advisory Board Meeting, November 6, 2007

Literature Review

A q:?“' g M R B e T e,

é Literature from Hilly-
Terrain Studies and
Three-Phase Flow are
Searched

é Detailed Literature
Review was Presented
at ABM in April 2007

¢ No Studies Addressing

Three-Phase Flow in U :
Hilly-Terrain Pipelines Q
Could Be Found

g}% Fluld Flow Projeats Advisory Board Meeting, November §, 2007
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Experimental Facility

é Hilly-Terrain Facility
» Existing Test Facility:
4 420-m (1378-ft) Long

4 Paraliel 50.8-mm (2-in.) and 76.2-mm (3-
in.) Diameter Pipes

4.8ingle Hilly-Terrain Unit of 70-ft Uphiil
and 70-ft Downhill Sections

A+1°, £2° of Inclination Angles

%}% Fluid Flow Projects Advisory Board Meeting, November 6, 20067

Experimental Facility ...
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» Modified Test Facility:

476.2-mm (3-in.) Diameter Pipeline

4 Addition of:
+Water Tank
+New Separator
+New Oil and Water Pumps from Seepex
+Hiliy-Terrain Unit & Measurement Stations
+Data Acquisition System
+3pill Prevention System

‘§“§§ Fluid Flow Projects Advisory Board Meeting, November §, 2007

236




Experimental Facility ...
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%ﬁ Fluid Fiow Projects Advisory Board Meeting, November 6, 2607

Experimental Facility ...
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é Preliminary Study for Facility Limits
» Run Simulations with TUFFP Unified
Three-Phase Flow Program
» Observed Slug Flow as Dominant
Flow Pattern
» Determined Hilly Terrain Facility
Limits
AVgs = Bmis , vgy = 0.61m/s , vgo = 0.61m/s
A AP max = 570385 Pa {~83psi)

igg Fiuid Flow Projects Advisory Board Meeting, Noevember 6, 2007




Experimental Facility ...

» Spill Prevention System:
+Welding of Steel Pipes

4+ Usage of Expandable Joints to Connect Steel
Pipes and Acrylic Pipes

Ainstallation of Emergency Shutdowns and
Security Cameras

A Installation of PVC Pipes that will Surround
Acrylic Pipes in Case of any Rupture

ﬁg Fiufd Flow Projecis Advisory Board Mecting, November 6, 2007

Experimental Facility ...

»Spill Prevention System:

4 Usage of Plastic Curtains as Liquid Barriers
at Visualization Stations in Case of Splashes
of Liquid

4 Addition of Bypass Lines to Facility in
Parallel to Visualization Stations

4 Containment Berms under Visualization

Sections to Contain Spillage

%ﬁ% Fluid Flow Projects Advisory Board Meeting, November 6, 2807
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Experimental Facility ...

¢ Gas-Oil-Water Test Facility:

> Preliminary Analysis of Inclined Three-
Phase Flow Patterns and

Characteristics
4 Understanding of Steady Inclined Three-
Phase Flow
A Will Be Used for TUFFP Three-Phase Flow
Studies
» Application of Laser Beams and
Sensors
@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Experimental Facility ...

¢ Gas-Oil-Water Test Facility:
» Previously Run By Atmaca (2007)
» Facility in Running Condition

@ Fiuid Flow Projects

Advisory Board Meating, Noversher 8, 2007




Experimental Facility ...
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’g}if Fluid Flow Projects Advisory Board Meeting, November §, 2007

Experimental Facility ...

%% Fiuid Fiow Projects Advisory Board Mesting, November §, 20067




Test Fluids

é Air - Mineral Oil - Water
é Tulco Tech-80 Mineral Oil
»API: 33.2°
»Density: 858.75 kg/m3 @ 15.6 °C
(60°F)
»Viscosity: 13.5 cP @ 40 °C (104 °F)
> Surface Tension: 29.14 dynes/cm @
25.1 °C (77.2 °F)

?ﬁg Fluid Flow Projects

Advisory Board Meeting, November 6, 2007

Instrumentation

o e R e
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¢ Capacitance Sensors
» 8lug Characteristics
é Conductance Probes
»Phase Determination at a Point/Line

é Pressure & Differential Pressure
Transducers

> Pressure Drop
» Identification of Flow Patierns

%g% Fluit Flow Projects

Advisory BEoard Meeting, Novermber &, 2007
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Instrumentation ...

é Laser Sensors & Quick Closing
Valves

» Slug Flow Characteristics
» Gas, Oil, Water Holdups
é High Speed Camera
» ldentification of Flow Patterns
» Droplet Size Distribution
» Slug Characteristics

@ Fiuid Flow Projects Advisory Board Meeting, November 6, 2007
Project Schedule

¢ Facility Modifications March 2008
¢ Preliminary Testing May 2008
¢ Testing November 2008
¢ Model Development January 2009
¢ Model Validation February 2009
é Final Report May 2009

% Fluid Fiow Projecis Advisory Beard Meeting, Movember 6, 2007




Questions & Comments

Advisory Board Mesting, November 8, 2067
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Multiphase Flow in Hilly-Terrain Pipelines

Gizem Ersoy Gokcal

PROJECTED COMPLETION DATES:

LHETature REVIEW oot Completed

Facility Modifications ... March 2008

Preliminary TeSHIZ ..o May 2008

Testing oo November 2008

Model DevelOpmEnt ... ..ot January 2009

Model Validation.................... February 2069

FINal REPOTE. ..ottt May 2009
H i facilities, severe pipe corrosion, and structural
ObJ ective instability of the pipeline, as well as production loss

The general objectives of this project are to
thoroughly investigate and compare existing models
and develop predictive models and closure
relationships for three-phase flow in hilly-terrain
pipelines. These will require both experimental and
theoretical study.

Significance and
Literature Review

A hilly-terrain pipeline is considered as a pipeline
consisting of horizondal, upward inclined, and
downward inclined sections. Hilly-terrain pipelines
are common in both onshore and offshore production
and transportation systems.

In petroleum industry, slug flow is the most complex
and dominant flow pattern in horizontal and near
horizontal pipe flow. Numerous studies have been
carried out on slug flow in pipelines. Although slug
flow in herizontal and inclined pipes has been studied
extensively, slug flow in hilly-terrain pipelines is still
not completely understood. In hilly terrain pipelines,
the standard engineering design method has been to
divide & pipeline inte various sections of constant
slopes, and apply steady state flow models fo
simulate  flow  behavier in each  section,
Hydrodynamic slugs generated in uphill sections may
or may not decay in following downhill sections,
ctusing unceriainfigs i pressure behavior.  Such
configurations can also result in terrain induced shugs
that are much longer than those normally encountered
m horizontal pipelines. These long slugs often cause
operational  problems, flooding  of  downstream

and poor reservoir management due to unpredictable
wellhead pressures.

In the pefroleum industry, three-phase gas-oil-water
flow can occur in surface gathering lines and sub-sea
production lines. The understanding of three-phase
flow is crucial for the flow assurance problems such
as hydrates, emulsions and paraffin  deposition.
Corrosion  and  erosion  depend also on  the
characteristics of three-phase flow in pipes.
However, very limited amount of work on three-
phase flow has been conducted due to the difficulties
of vil-water and gas-liquid flow characterizations. It
is also found that slug flow is the dominant flow
regime in three-phase pipe flow. This strengthens the
significance of slug flow studies for hilly-terrain
configurations.

In the literature, early studies on  hilly-terrain
pipefines begin with Beggs and Brill (1973). They
developed correlations that can be applied to design
pipelines for hilly-terrain and tubing strings for
inchned wells.

Throughout the vears more research has been done
on slug flow. Taitel and Barnea (1990), proposed a
steady-state slug flow model. However, the model
does not consider any changes in slug flow
characteristics nor the slug growth and slug decay
when the pipe inclination angle changes.

Scolt {1987) studied slug growth in long large-
diameter pipelines operating near  stratified-shug
transition boundery in the Prudhoe Bay field in
Alaska. It was suggested that the interaction between




the slug and the wave in the preceding film is the
reason for the slug growth.

Scott and Kouba (1990} studied the changes in siug
fiow cheracteristics in hilly-terrain pipelines. They
assumed no change in liquid holdup in the slug and
an equilibrivm film thickness. They did not consider
slog initiation or dissipation in their model for the
change in shug length.

The Tulsa University Fluid Flow Projects (TUFFP)
has been involved in hilly-terrain flow research since
the early 1970s. Sarica (1990) improved Taitel et al.
(1990} by performing a more thorough analysis on
severe slugging in a pipeline-riser system and extend
his analysis to hilly-terrain pipelines. Zheng (1991)
proposed simple shug tracking mode! that follows the
behavior of all individual slugs for a single hilly-
terrain unit. Marcano (1996} developed correlations
for slug liquid holdup, film liquid holdup, slug
translational velocity, slug frequency and slug
tengths.

There have been slug-tracking models developed by
Nydal and Banerjee (1996) and Greiner et al, (1997),
Taitel and Barnea {1999). However, these models
require additional information such as slug initiation,
initial slug frequency, shig length distribution and
transtational velocity.

In a recent study by Al-Safran et al. {2063}, a Log-
Normal probability mmodel was found to be the
appropriate model for stug length distribution at the
hilly-terrain entrance and lower dip. It is also shown
that the probabilistic/mechanistic models are capable
of reproducing the expenimental results with a
satisfactory match.

Zhang et al. (2000) modified the momentum equation
assuming the entire liquid film as the control voiume.
The model predicts the average slug length and shug
frequency at any location of the hilty~terrain pipeline,
when average slug length or slug frequency at the
entrance 15 known., The model validation with Al
Safran’s (2003) data showed a reasonable match.

In Zhang et al. (2003) the model that was previously
developed in Zhang et al. (2000) is compared with
experimental data for a wide range of operational
conditions to model slug dissipation and slug
generaticn.  Although i the model constant slug
length was assumed, the slug length to siug untt
length ratio is found to be a better parameter for the
modeling studies.
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Acikgbz et al. (1992} conducted experiments on
three-phase gas-oil-water flow. They observed ten
flow patterns and classified them into two groups:
oil-based and water-based flows.

The effect of nclination on slug flow characteristics
in three-phase gas-oil-water flow in large diameter
pipelines is studied by Kang et al. (2000). Most of
the measurements of slug flow are done with a
camera system. However, they do not mention about
any oil-water interaction in their study.

Bonizzi and {ssa (2003} showed that slip between the
two liquid phases plays a major role in determining
the slug characteristics in their study on simulation of
three-phase slug flow. They also addressed the
importance of further studies on influence of water
cut on the slug evolution and the changes in
coniinuous phase in slug flow.

Shi et al. (2004) showed that gas holdup in three-
phase flows can be calculated from the two-phase
water-gas drift-flux parameters till a certain critical
gas holdup value. From experimential measurements
of Shi et al. {2003) and Oddie et al. (2003), the
critical gas holdup is found to be a function of
mmclination angle.

Zhang and Sarica (2005) modified two-phase unified
model developed by Zhang et al. (2003) to three-
phase unified model by implementing closure
relations for describing the mixing and inversion of
liquid phases. The authors suggested further studies
of the mixing status of o1l and water.

In the open literature, no studies addressing to three-
phase flow in hilly-terrain pipelines could be found.
Bearing in mind that slug flow is a frequently
encountered flow pattern 1n three-phase flow, a study
on slug characteristics in three-phase flow in hilly-
terrain pipelines is very crucial for the production and
pipeline transportation. However, the complexity of
slug flow increases from two-phase to three-phase
flow. The increased complexity in slug flow needs
transient solutions supported by closure relations.
These closure relations should especially focus on the
phase distribution throughout the flow and oil-water
interactions as well as the shug flow characteristics.
In this study, these relations will be examined and
studied.

Experimental Study

Hilly-Terrain Facility




An existing two-phase flow facility of the Tulsa
University Fluid Flow Projects {TUFFP) will be
modified for this study. This test facility was used
previously by Al-Safran (2003} for two-phase flow 1
hitby-terramn pipeline. The facility is a 420-m {1378-
fiy long, parailel 50.8-mm (2-in) 76.2-mm {3-in.)
diameter, horizontal steel pipelines. The test section
simmiates a single hilly-terrain unit of 70-ft uphill
(downhiliy and 70-{t downhill (uphill} sectzons. The
inclination angles are £1°, £2° from herizontal for the
valley and hill configurations.

The facility s under major consfruction to achieve
three-phase flow in the loop. New water and oil
tanks have been purchased. Progressive cavity
pumps for oil and water phases have been ordered
from Seepex and are expected to arrive in the
following month. Seepex is selling two pumps for
less than the price of one pump. We appreciate their
generosity. Purchase of a new three-phase separator
is underway. In addition, a new hilly-terrain unit and
observation stations throughout the pipeline with
mstrumentation will be considered to observe and
measure flow characteristics.  Throughout the
facility, there will be totally seven observation
stations including the ones on the hilly-terrain unit.
The locations of the stations .are already determined.
Visual observation can be done I six of these
stations. A schematic of the modified facility is
shown in Fig. 1.

In addition to three-phase modifications, construction
for spill prevention sysiem is needed to meet the
University of Tulsa’s spill prevention requirements.
These modifications include:

*  Welding of steel pipes to prevent any
possible leak.

» Usage of expandable joinis to connect the
steel pipes and scrylic pipes that are used
for observation. The joints will take care of
any expansion and shrinkage of the pipes
due to ambient temperature changes.

»  Placement of emergency shutdowns in case
of any leakage that can be detected
automatically with pressure drop.

+  Installation of security cameras at critical
leeations to monitor the facihty from the
conirol oo by a secondary facility
operalor,

»  Installation of PVC pipes that will surround
the acrylic pipes from the top and at the
back in case of any rupture in the acrylic
nipes.

*  Usage of plastic curtaing as hiquid barriers at
the visualization stations in case of splashes

of hguid. The curtains will be used io
prevent any liguid splash to the neighboring
areas,

*  Addition of bypass lines to the facility in
paraliel to the visualization stations.

*»  Containment berms will be put under the
visualization sections 1o contain the spillage.

=  Concrete slab will be constructed under the
hilly-terrain unit for spill containment.

After the facility construction, the data acquisition
system will be implemented.

Before designing the facility, a preliminary study is
conducted for the facibity ranges with TUFFP Unified
Three-Phase Flow program. The TUFFP Unified
Three-Phase Flow program gives the pressure
gradient, holdup, gas-liquid and hguid-Hquid flow
patterns as output for the specified superficial gas, oil
and water velocities with the physical properties of
the fluids. The facility limitations are determined
from the preliminary study.

The instrumentation for the three-phase shug flow
study in hilly-terrain pipelines has its own challenges.
Capacitance sensors, conductance probes, quick
closing valves, pressure and differential pressure
transducers are planned to be installed on the facility.
High speed video will be used to capture the details
of shlug characteristics in three-phase flow in hilly
terrain configurations.  More advanced ways to
measure the distribution of phases and mixing status
of oil-water will be explored.

Gas-Oil-Water Flow Facility

Before the completion of construction of hilly-terrain
facility, preliminary testing is decided to be done on
existing gas-oil-water facility with the same test
fluids. The gas-oil-water facility is recently used by
Atmaca (2007) for characterization of oil-water flow
in inclined pipes. The facility consists of a closed
circuit loop with progressive cavity pumps, heat
exchangers, metering sections, filters, fest section,
separator and storage tanks.  The test section is
attached 1o mnclinable boom that makes inclined flow
in the loop possible. The test section consists of two
21.1 m (69.3 1t} long transparent pipes with 50.8 mm
(2 inch) diameter connected by a 1.2 m {4 fi} long
PVC bend. The upward branch of the test section
consists of a 13.8 m (43.3 fi} long flow developing
section (L/D=272.0), two pressure drop sections 5.2
m {17 ft) and 3.3 m (11 fI) long, one long pressure
drop section, The downward branch of the {est
section 1s designed and built synilar to the upward
branch. Isstrumentations on the transparent pipes




give the operating temperature, pressure, differential
pressure and inclination. High speed video system i3
also used to identify the flow patterns and determine
the cil-water mixing status. Schematlic diagrams of
the flow loop and test section are given in Fig. 2 and
Fig. 3, respectively,

Three-phase inclined flow studies are decided to be
done on the gas-oil-water flow loop to analyze the
flow patterns and characteristics. The performance

of laser beams and sensors on three-phase flow will
alse be analyzed.

The testing ranges for the three phase inclined
experimments on the gas-oil-water flow loop are as
follows:

+  Superficial gas velocity: 0.1-7.0 m/s

e Superficial oil velocity: 0.02-1.5 nv/s

*  Superficial water velocity: 0.01-1.0 m/s

»  Water fraction: 20, 40, 30, 60 and 80%
The preliminary testing on gas-oil-water facility is

expected to be completed by November 2007 due o
the weather conditions.

Test Fluids

For the experiments of three-phase flows in hilly-
terrain pipelines, fresh water, air and a refined
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mineral oil are chesen to be used as the fluids. The
refined oil, Tulco Tech 80, 13 chosen based on s
easy separation, The physical properties of Tuleo
Tech 80 are given below:
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Chevron labs. As shown in Figs. 4 and 5, the density
and viscosity changes with temperaiure at three
different flow rates were measured respectively.

Near Future Studies

The additions and modifications to the facility are
expected to be finished by March 2008. The
imstrumentation of the facility is expected to be
completed by May 2008.
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Droplet-Homophase Interaction:
Effect of Pipe Inclination on
Entrainment Fraction

Al-Sarkhi Abdel
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é Introduction

é Review of Previous Studies by TUFFP
é Evaluation of Chen’s Model

¢ Effect of Pipe Inclination

é Summary & Conclusion

% Fluid Flow Projects Advisory Board Meeting, November §, 2607
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Introduction

é Multiphase Flow Mechanistic Models Are
Tools in Multiphase Design and
Applications

» Pressure Gradient

> Liquid Holdup

» Temperature Gradient
» Others

% Fluid Flow Projects Advisory Board Meeting, November &, 20067

Introduction
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é Closure Relationships Required by
Mechanistic Multiphase Flow Models (e.g.
TUFFP Unified Model)

> Interfacial Friction Factor

> Droplet Entrainment Fraction
» Slug Translational Velocity

» Others

% Fluid Flow Projects Advizory Board Meeting, November &, 2007




Introduction

é Droplet Entrainment in Stratified Flows and
Annular Flows

¢ Mass Flow Rate Ratio of Liquid Droplets in Gas
Core to Total Inlet Liquid Flow Rate
F. = (WL ‘Wir,f-‘} . Wi
ow, oW,

¢ Droplet Atomization Rate = Droplet Deposition
Rate for Quasi-equilibrium Condition (Fully
Developed Region)

@ Finid Flow Projects Advisory Board Meeting, November §, 2807

TUFFP (Stage I: Sensitivity Study)

O S IO O SO LA SIS, RS I VS RO '@-““ﬁi%:‘:? . . . S o

¢ F has Most Significant Effect on
Predictions of Pressure Gradient and
Liquid Holdup

é Accurate Entrainment Fraction Correlation
is Crucial for the Success of Multiphase
Flow Mechanistic Models

% Fiuid Flow Projects Advizory Board Meeting, November 6, 2007




Stage Il: Model Development
(Chen, Qct. 2005 ABM)

& Sufficiently Large Local Shear Stress at the
Interface to Overcome the Containing Effect of
Surface Tension

¢ Hutchinson & Whalley (1973) Described
Entrainment Process by a Single Dimensionless
Group, S (= 5;// 0)

& Entrainment Rate (R,) = Deposition Rate (R;)

é Coliapsed Data of Droplet Concentration onto a
Single Curve

& Assumptions of Interfacial-shear-dominated
Atomization and Quasi-equilibrium State are Valid

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP (Stage li: Model Qevelopmeat}

‘@%‘T'D‘”W"!%"’.'.,?.‘.u.‘ﬁ'%ﬁﬂ’cﬁwﬂi

é Droplet Atomization
»R,=T1(7;6/0)
» Assuming Film Thickness << Pipe ID
»8=(1~-Fg) Vg, D/(4Vy
> 7= Yk py (Ve Vi

R o=F f]pGVCZI/TSLD(lmFE)
A4 T M4 pl
8al,

% Fiuid Flow Projects Advisory Board Meeting, November 8, 2007

256




TUFFP (Stage Il: Model Development)

¢ Droplet Deposition

» Andreussi & Azzopardi Considered Turbulence
Diffusion as Dominant Mechanism in Vertical
Flow

»Rp=k, C

» Assume Uniform Droplet Distribution Across
Pipe and No Slippage Between Gas and Drops

»C=p FE,V Ve /'Ve } Approximation
- bt o
»Rp=kpp Fey Vs 7V,

@ Fluid Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP (Stage II: Model Development)

¢ R, =R,
F 2
EJV mkfprVc(chVF) D
1-F,, 8oV,

where k =k, / k,

% Fluid Flow Projecis Advisory Board Meeting, November §, 2007




TUFFP (Stage lI: Model Development-
Vertical Annular Flow)

fe=)

Predisted Entrsinment Fraction

Similar to
Oliemans et al. (1986)

02

0.3 5 - : : : ]
aR 032 8.4 48 48 1.0
Meanwed Entranuineant Fraction
@ Fluld Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP (Stage Il: Model Qevatopment}

6 Horizontal and Inclined Flows, Asymmetric
Distribution of Fluid

¢ Average Film Thickness Corrected by Pipe
Circumferential Wetted Fraction

FE,H s Ji1PeVe (V( -V )ZD

vy
F e
ky
Few=
’ 1+ ky
ggg Fluid Flow Frojects Advisory Board Meeting, Noverber §, 2007
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TUFFP (Stage ll: Model Development)

é Gravitational Force Also Promotes
Settling of Entrained Droplets

é Proposed Use of “Inclination Angle
Factor” k,to Account for Settling Effect

é ky=T'(Fr,, etc)

2
]?F - pGVSG
g =
(/91, ~ P )gD cosd

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

TUFFP (Stage iI: Model
Development)

¢ Determine Functionality of k, by Trial-and-
error by Fitting Calculated F; Against
Experimental F

R“ . WG.49
k, = expi(~ 0,036MJ

. Fr,

gg}g Fluid Flow Projests Advisory Board Meeting, November 6. 2007
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TUFFP (Stage ll: Model Development-
Horizontal Flow)

Fredicted Entrainment Fraction

0.0 0.2 0.4 0.6 G.8 1.0
Measured Entrzinmen? Fraction

%‘}T Fluid Flow Projects Advisory Board Meeting, November 8, 2607

TUFFP (Stage II: Model
Development-inclined Flow)

o g _WM-,,,..,;: o G g T P 0 ool S A o

0.6 -

0.5

04

6.3

0z

Predicted Entraimment Fraction

4.0 0.1 [t 3.3 E 4.5 0.6

Measured Entradmnent Fraction

é‘% Fluid Flow Projects Advisory Board Meeting, November 6, 2007
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Entrainment Data Bank

. ) e A 4 M 150 i A Mg

¢ Vertical Flow

Seurce P (m) 8" Fluid Data points
Air/Water
! e _ n
HARWELL 0.006 ~ 0.0318 99 Steam/Water 728
Dervabina et al, .
S . ~ .05 ,
(1989) §.013 ~ 0.052 90 Air/Water 66
Fore and Dukler P
(1995) 0.0508 90 AirfWater 28
Owen ct al. 0.03175 90 Air/Water 49
{1985) ’ h
Schadel (1988) | 0.0254 ~ 0.042 99 Air/Water 59

%i‘} Fluid Flow Projects

Advisory Board Meeting, November 6, 2007

Entrainment Data Bank ...

- "“'“.&' G N P . A i B P A SN N Ve B i’ii‘(’&?“*ﬁ‘iﬂﬁ"{’?".:ﬁ-”fﬁ "

& Horizontal and Inclined Flow

Source D (m) 6 (%) Fluoid Data Points
Dallman (1978) 6.6231 1] Air/Water 137
Laurinat (1982) 6.8308 & AlriWater 73

Ousaka et al, (1992) 0.02¢6 [E Air/Water 12

Gusaka et al. (1996) 4026 6 ~75 AirfWater 60

Paras et al. (1991} 6.6508 0 Ajr/Water 17
e

Tayebi et al, (2000} 0.1 8 %Sf‘;(:ir 21

Williams (1990) 0.09353 0 AirfWater 19

% Fluid Fiow Projects

Advisory Board Meeting, November §, 2007

261




Model Evaluation ...

é Model Predict F. with Reasonable Accuracy for
Vertical

¢ k, Gives Unreasonable Value at High Reynolds
Number of Liquid Film

& Uses Implicit Parameters That Require Solving of
Other Closure Relationships (NOT General)

é Single Experiment for Inclined Data of Ousaka et al.
in 26 mm Pipe at 5 Different Angles

¢ HARWELL Databank, Over 700 Data Points for
Vertical Flow in 6 mm — 31.6 mm Pipe Diameter

Tg}}f Fluid Fiow Projects Advisory Beard Meeting, Movember 6, 20607

Effect of Pipe Inclination-Stage il

ERA S

é Propose Experimental Investigation
»D=50.8 mm
> Angles from 0° to +14° and to -90 °

s
e 2"
i

- F

%g% Fluld Flow Projects Advisory Board Meeting, Novernber §, 2007
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Effect of Pipe Inclination -
Experimental

é Similar to Hay et al., Azzopardi et al,,
Simmons and Hanratty and Al-Sarkhi and
Hanratty

¢ Liquid Film Pushed out through Porous
Section by Pressure in Pipe

é Large Inertia of Droplets Prevent Them
From Being Removed From Core Flow

¢ Along Sleeve Will be Inserted Very Close to
Liquid Film - Thin Film Will Pass
Underneath the Sleeve and Droplets Will
Never See Holes of Porous Section

% Fluid Flow Projects Advisory Board Meeting, November §, 2047

Effect of Pipe Inclination - New
Parameters

g g ,ﬁ. »Wﬁ'»ﬁhx @mmﬁuﬂ,«,@u a;w w 'Q‘Ep QN:'_;.‘ q@.ﬁi’ﬂ R S e

y#= |Fe L _ Iy

Vo ome  Frg

]

|

2
PV
(0, — s JgDcosd

Fry =

Fo f/\o:
\[ (Pz “ Pa )gD cosé

o

Fre, =

% Fiuid Flow Projects Agvisory Board Meeting, November 6, 2007
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Entrainment Fraction at Different
Angtles (Data of Ousaka et al. 1996)
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Entrainment Fraction at Different
Angtes (E}ata ef Ou$aka et al. 1996)
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Entrainment Fraction at Different
Angles

The legend is not arranged
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Normalized Entrainment Fraction at
Diffg_z&eat Angles
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Normalized Entrainment Fraction at
Different Angles

The arrangement of the legend 1s clear
x!
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@ Fluid Fiow Projects Advisory Board Meeting, November 8, 2007
Effect of Pipe Inclination: New
Parameters
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4 Entrainment Follows Almost Linear
Relations
é 11 Values of X* with 11 Relations
v At certain X*
e~ A0+ B certain
Reg,
£ fox 1070 X #0974 {107 X R
g Fluid Flow Projects Advisory Board Meeting, November §, 2807
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Based on Inclined Data from
Qusaka 1996 Experiment
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g Fluid Flow Projects
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Entrainment Fraction Parameter - All Points
(Horizontal, Inclined and Vertical pipes)
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Linear scale-Vertical, Horizontal
and inclined
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Entrainment Fraction (Horizontal,
En-cfinecfnand_“\Evertiga?! pipes)
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Summary

& More Accurate Entrainment Fraction Model is
Needed for All Inclination Angles
é Available Models in Literature
» Reasonable Prediction for Vertical flows
> Scattered Results for Horizontal flows
» No Model for inclined Filows- Chen’s Model is the
only one
é More Accurate Entrainment Fraction
Measurements is Needed for All Inclination
Angles

% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

Summary

& Entrainment Fraction Shows Linear Trend
With Inclination Angle at Same Values of X*

é Entrainment Fraction for All Inclinations
Follows a Tangent-Hyperbolic Relation with
Z Parameter

F-1636) 1 2
7 X Rey,

05
€5

z=22x10"

¢ Explicit Parameters Such as X*, Reg; , Reg,
Could be Used to Predict Entrainment
Fraction for All inclinations

% Fiuid Flow Projects Advisary Board Meeting, November §, 2007
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Droplet-Homophase Interaction: Effect of Pipe
Inclination on Entrainment Fraction

Al-Sarkhi Abdel

Abstract

A new entrainment fraction model was proposed by
Xianghui Chen (TUFFP ABM October 2005} which
is claimed to be applicable for alt inclination angles.
Reasonable agreement was obtained between the new
model predictions and published enirainment data. It
has been noticed that for horizontal and inclined
pipeline and at a large liquid film Reynolds number
the entrainment fraction is under-predicted. In
addition to the previous mentioned disadvantage of
this model, the model uses implicit parameters which
need another models or closure relationships. This
procedure most likely camies uncertainties of the
other closure relationships. The only inclined data
available in literature is presented in a paper by
Ousaka 1996 in 26 mm pipe and on which the Chen
model was formulated. More data are needed at
larger pipe diameter and different pipe inclination.
New dimensionless parameters were found to be
significant in predicting the effects of pipe inclination
are presented.

Introduction

An annular flow pattern can exist when gas and
liquid flow at a high velocity in: a pipe. Part of the
liquid flows along the wall as a film and part, as
droplets entrained in the gas phase. There is a liquid
transfer between the wall and the gas core, whereby
droplets deposit at the wall and are formed by
atomization of the wall film.  Under equilibrium
conditions the rate of atomization, R, equals the rate
of deposition, Rp. A critical parameter needed to
understand the behavior of an annular flow is the
fraction of the liquid entrained as droplets, Fz, which
is related to Ry and Rp. A central problem in
analyzing annular flows is the prediction of drop size
and entrainment.  The rate of deposition is usually
defined in terms of z deposition constant, Ky, (Rp
=KpC) where C is the droplet concentration in the
aas. For wvertical flows C equals the bulk
concentration of drops and, for most cases, Ky, is
related o the root-mean-square of the velocity
fluctuations of the drops.  The ratio of the drop
turbulence to the fluid turbulence decreases with

increasing drop diameter because of the increase in
the inertial tinme constant of the drops. The influence
of entrained drop in hovizontal annular flows is more
complicated.  The rate of deposition is changed
because gravitational settling causes an asymmetric
distribution of droplets/film thickness and contributes
directly 1o the local rate of deposition. The influence
of gravity on deposition and on the asymmetric
distribution of drops increases with increasing droplet
size. The focus of the next stage is to examine the
effect of pipe inclination and diameter on entrained
droplet in annular flows. Such information is
critically important in predicting the behavior of large
diameter pipes especially with the very limited data
available in literature.

Most multiphase flow prediction models (inciuding
the TUFFP unified mechanistic model) are based on
a stmplified (one-dimensional) two-fluid model in
which empirical closure relationships (i.e. interfacial
friction factor, interfactal area, droplet entrainment
fraction, ete.) are needed. The accuracy and physical
completeness of these closure relationships determine
the performance of a multiphase flow model.
Nevertheless, the literature reveals that the empirical
closure relationships may not contain sufficient
physics of multiphase flow.  Thus, systematic
exatnination and forther refinements of these closure
relationships  can  substantially improve  the
performance of multiphase mechanistic models.

A sensifivity study (March 2005 ABM) was carried
out to investigate the influence of individual closure
relationships on the outcomes of a multiphase
mechanistic  model. The sensitivity  study
demonstrated that in stratified and annular flow the
variation of droplel entrainment fraction can
signilicantly affect the predicted pressure gradient
and hiquid hold-up. Therefore, it is imperative to use
an accurate predictive maodel for entrainment fraction.

Chen (2005b) started from the assumption that
droplet atomization and deposition processes reach
equilibrium  condition when the flow is fully
developed. Turbulence of the gas core and Liquad
surfuce iension are considered dominant mechanisms
that govern the enlrainment process. It is also




assumed that droplet deposition is mainly due to
turbulence diffusion. Model development starts {rom
vertical annular flows. For vertical annular flows, the
required coefficient in the model is correlated by
using a large databank collecied from vertical annular
flow literature {Table 1. Most of the data s from
Harwell data bank for pipe diameter range from 6
mm 1o 31.8 mm. scaling up the result of such small
pipe diameier to larger diameter is questionable.
With the recognition of gravitational settiing effects,
the model developed for vertical flow is extended fo
horizontal and inclined flow by miroducing an
inclination angle factor. This factor 18 empirically
determined by correlating entrainment data of
horizontal and inclined flows obtained from the
literature.  The only inclined flow data available in
literature and on which Chen’s model was based 15
that from QOusaks et al. (1996). The Ousaka et al
experiment was conducted in 26 mm pipe at five
different angles 0, 30, 45, 60 and 75 degrees and the
number of data points were 60 points.

The main objective of this stage is to understand the
effect of pipe inclination on entrainment and to
develop more reliable closure relationships for
inclined pipeline which is preferred to be explicit
parameters dependent. Measurement of entrainment
fractionr in larger diameter pipe at different
inclination angle is another objective of this stage.

Review-Chen Model
(Presented in October 2005
ABM)

Under equilibrivm conditions the rate of atomization,
Ra, equals the rate of deposition, Rp.
R, =R, (1)
Zuber (1962) and Hutchinson and Whalley (1973),
proposed that droplet entramment is dominantly
governed by two mechanisms: turbulence and surface
tension.  The first mechanism is the breaking force
and the second tends to sustain liquid in the
contipuous phase. Using the approach employed by
Okawa et al(2002), the following relationship is
suggested

(7,0} T,
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Where / is the charactenistic length, Chen used the
heuid film thickness, §, as a characteristic length, 44
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Thus, the atomization rate is expressed as

(3

PO LN S o)
R/frksp;j,p(;g :“) )

A} Vertical Annular Flow

In vertical annular flow, the liquid film thickness can
be determined by

(L-F, VoD _

o= {4)
4rv,
Combining equations {3} and (4} vield
PV DO-F
R, =kp, [10e¥ Vi D E) (s)
sol,.
Andreussi  and  Azzopardi  (1983) considered

turbulence diffusion as the dominant mechanism for
droplet deposition in vertical annular flow. Using a
quasi-equilibrium droplet concentration in the gas
core, C, the deposition rate is expressed as
R, =k,C. (6}
Assuming uniform droplet distribution across the
pipe cross-section and no slippage between the gas

phase and droplets In the gas core, the droplet
conceniralion can be approximated as

F.V

Cop, MBS (N
Py v,
Thus,
F.V.
R, = kzpﬁ ~E AL (8
V.

The droplet atomization and deposition rates reach
equilibrium when the flow is fully developed.
Equating (3) to {6), then the entrainment fraction for
vertical annuolar flow is determined by

F,
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Where k= kkp




Using the vertical annudar flow data sets listed in
Table 1, the coefficient & in Fq. (9) has been
correlated as

k=15%10" Re,, 29 (10)

N L i /} \ # [G /’
B) Horizontal and inclined flows

Due to the asymmetric disiribution of fluid in
horizontal and inclined flows, calculation of the
average film thickness is corrected by the pipe
circumferential wetted fraction (). This wetted
fraction is predicted by using the Grolman correlation
{1994). The liquid fitm thickness is medified from
(4} and becomes

4.0

(-FVyD .

Where @ is the pipe circumferential wetted fraction.
Thus, Eq. (9) is revised as Eq. (12) for horizontal and
mclined flow.

s iy fprVC(VC - VJ-‘)QD‘
1-F. 3oV .0

(12)

The gravitational force not only causes an
asymmetric liquid film configuration, but also
promotes the setiling of entrained droplets to the
liquid film. To account for this gravitational settling
effect, Chen proposed the use of a comrection factor

known as the “inclination angle factor” kg which he
argued must be at least a2 function of a modified
Froude number F7,, that is

ko =T(Fr,,etc). (13)

The modified interfacial Froude number, F¥; | takes

the form,

(14

Fr, = | i _
. V(pf = P ,)gDCGQ()

Attermpts to incorporate Eq. (13} into Eq. (8) were not
successful. Instead, &, is applied to the predictions
given by Eq {12 w0 obiain the entrainment fraction
for horizontal and inclined flow. Using the data sets
listed in Table 2, k, is correlated by
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Where Re,, the Reynolds is number of the liquid
film and is defined as:

Re,,. = LVl

(16)
Hy

The entrainment fraction in horizontal and inclined
flow 1s given by

Fp =kl -
From Eqs. (12) and (17):

Fy =k, 1% .
Where

o= fip VeV -V, )ZD.

8oV,

It is clear that kg and @ are equal to 1 for vertical
flow, 5o that Eq. {18) is equivalent to Eq. {9}

Evaluation of the Model

The data sets included in the droplet entrainment
fraclion databank are listed in Tables 1 and 2.

Chen mode] was mmplemented in the TUFFP unified
model.  Frgures 1-3 present comparisons of the
predictions and the data. Figure 1 shows that the
unified entrainment model pives good pradictions of
entrainment fraction for vertical annular flow. The
predictions are similar to the results of the Oliemans
et al. {1986) model and better than Ishii and Mishima
(1989), Wallis (1968) model. Good agreement is
also observed for horizontal stratified and annular
flow, as seen in Fig, 2, except for the over-prediction
of several poinis (shaded) where the gas superficial
velocity 15 very high (greater than 130 m/s).

Statistical parameters of the above analysis are
summarized in Table 3. The statistical parameters in
Table 3 are defined in Appendix A:

In suramary, the following evaluation comments on
Chen’s model can be made:




« In general, Chen model predict  the
entrainment fraction for inchlination angles
from horizontal to vertical with reasonable
accuracy but not for all cases.

»  Gravity causes an asymmelric distribution of
drops (even droplet size) in the gas core; ie.
drop conceniration in bulk is different from
that close fto the interface. Paras and
Karabelas (1991) showed experimentally a
decrease in drop concentration from the
interface to the bulk. Pan and Hanratty
{2002} aiso showed an exponential decay of
droplets concentration frem the bottom to

top. The assumption of constant
concentration made in Bq. 7 s not
reasonable.

» The entrainment fraction factor, k,, gives
unreasonable result at extreme values of
Reynolds number of the liquid film,Re,,.,

due to the exponential nature of the
correlation, e.g. at very large Re,, the

entrainment fraction is under-predicted.

« The model vses implicit parameters that

require  solving of  other closure
relationships, therefore most likely, carries
uncertainties  of  the other  closure

refationships within the model used {unified
maodel in this case)

¢ The model based on a single experiment for
the inchined data of Gusaka et al. (1996) in a
26 mm pipeline at five different angles and
60 data points only. Scaling up the
entrainment data in the 26 mm pipe and
extrapolating and interpolating the whole
range of inchnation based on single
experiment is questionable.

+  HARWELL data bank {1978) used by Chen
{over 700 data points) for vertical flow in 6
mm - 31.6 mm pipe diameter. Scaling up
results of 6 mm entrainment data needs to be
verified,

The Inclination Effect

A plan of modifying Chen model or developing a
new model for the effect of pipe inclination on
entrainment has been started through two steps:

AY Experimental investigation

B

More experimental measurement of the entrainment
fraction in inclined pipes of larger diameter than 26
mm (Ousaka et al. 1996) is needed. For that purpose
a new iest section will be mstalled in TUFFP 30.8
mm flow loop. The procedure for measuring the
entrainment m this section 15 done by removing the
liquid film from the wall of the pipe and allow the
droplets to pass through the gas phase. Subtracting
the liguid film flow rate from the total hquid flow
rate will give the entrained flow rate. This was done
by using a specially designed test section as shows in
Fig. 4 similar to the one used by Hay et al. {1996),
Azzopard: et al. {1996), by Simmons and Hanratty
(2001) and Al-Sarkhi and Hanratty (2002} in there
measurement of drop size distribution. The flow
passes through a porous section and the liquid film,
which travels at lower velocity than the gas and
droplets, 1s pushed out through the porous section by
the pressure in the pipeline. The droplets travel at &
velocity close to the gas velocity so their large
inertias prevent them from being removed from the
core flow. In addition, a long sleeve will be inserted
very close to the liquid film and will be pushed in and
out io make sure that the thin film will pass
underneath the sleeve and the droplets will never see
the holes of the porous section so they will be not
taken off or deviated toward the holes. The film take
off rate will be controlied by valves.

Measurements  of  entrainment fraction will be
conducied and result will be compared with Qusaka
et al, (1996) and the entrainment model of Chen.

B) Searching for the most

dimensionless parameters

sigunificant

Many of the parameters involved in most of the
correlation in literature are scattered and not grouped
in dimensionless numbers which make it very
difficult to understand and improve their model {for
example Oliemans et al. (1986); Okawa et al
{20020

The dimensionless parameters will be used in
modifying and revising Chen model. New closure
relation may be needed. The equilibrivm of drop
atomization and deposition eguation will be used,

The dimensionless parameter, X¥ is defined as the
ratio of the Modified Froude number, Fry, based on
the superficial hauid velocity to the Modified Froude
nugnber, Fro; based on the superficial gas velocity,

(19)




Where Fryg and Fre are defined as
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Using the only inclined data available (Ousaka et al.
1996) a special trend of the entrainment fraction is
shown in Fig. 5 and 6. Enirainment at different
angles but similar X* gathered in groups. Figure 7
shows clearly the effect of pipe inclination at
different angles at same X, the entrainment follows
almost Hnear relations but still the legend are not
arranged properly. Figure 8 shows a clear trend for
the enfrainment fraction and Reynolds number based
on the superficial liquid velocity, Fg/Reg ratio. The
legends now are all properly arranged, the highest X*
has the lowest value of Fr/Regy. Similar trend is
shown in Fig. 9 if the combination of FrResq™/Res
is plotted against the pipe inclination. Where Regg is
the Reynolds number based on the superficial gas
velocity., A lmear relation of Fgy/Rey and pipe
inclination can be written as

FE
Re

= A0+ B. (23)
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Where s the pipe inclination angle in radian and A
and B are constants, The above equation has been
found at the i1 values of X* available then 11 values
of A and B were found then one equation for A and
another for B as a function of X* were found using
the best trend bne which fits the data. Thus, one
eguation that represents the 11 straight Hines in Fig. 8
is wiilten as in Eq. 24

F,

Reg,

.. {éxmﬂsX *,,u,aa;?}ﬁ - {4 Kmﬂ?Xw.;;qﬁs;g(zél}

Figure 10 shows a comparison between Eg. 24 and
Chen model for the mclined data of Ousaka 1996,
Eguation 24 shows betier agreement with the Osauka
datza than Chen model especially at lower entramment
fraction < 0.3, A comparison with Chen model for
the six statistical parameters is shown in Table 3.

(4]

Figures II and 12 show a sell similar behavior for
the dimensionless group, FeRegs” /Reg”, against the
parameter X* for all positions (honzontal, nchned
and vertical) of the data banks listed in Table 1 and 2.

Using the best trend line that fits the data, a single
egualion for eantrainment fraction at all inclination
from 0 o 90 could be extracted as shown on Fig. 11

= 8 1078y w10508

F.oRre"
e fm (25)
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Figure 13 shows that entrainment fraction, Fy, plotted
against the parameters of the best trend line that fits
the data i Fig. 11 {variables of Eq. 25). It sectns that
the entrainment fraction follows a tan hyperbolic like
relation.

F, =tanh| 22107 (26)

Ishii and Mishima 1989 have found similar result
with different independent variable for the tan
hyperbolic function as shown in Eq. 27.

T, b 25y 025
Fos = tanh(7.25x 107 W P Rel). @2)
Where, We 1s the effective Weber number based on
the pipe diameter as a length scale (Bq. 28) and Reg,

is the Reynolds number based on the superficial
liguid velocity {(Eq. 29).

/3
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We = LO_E_EE’___ éﬁ 28
o £,
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Summary and Conclusion

Multiphase flow mechanistic models are strongly
affected by Enfrainment fraction. The entrainment
models in the literature are hmited in terms of their
application range and accuracy.  Very limited
enirainment data available in inclined pipe and more
data are needed.  Abundant of entrainment data in

vertical small  diameler pipes are available in
literature.  These data has been used by many.
Scalng up these data to larger diameter s
guestionable.




An entrainment fraction model which can be used for
inclination angles from horizontal to vertical is
preposed by Chen (ABM 2003} with some
Hmitations. Chen’s Model based on the hypothes:s
that droplet atomization and deposition processes
reach equilibrium condition in a fully developed
flow. Turbulence of the gas core and liquid surface
tension are considered doninant mechanisms that
govern the entrainment process. It is also assumed
that droplet deposition is mainly due (o turbulence
diffusion. Model development starts with vertical
annular flow and then extends to horizontal and
inchned flows.  For vertical annmular flow, the
required coefficient in the model is correlated by
using a large databank collected from vertical annular
flow hterature. With the recogmition of gravitational
setthing effects, the mode! developed for vertical flow
is extended to horizontal and inclined flow by
introducing an inclination angle factor. This factor is
empirically determined by correlating entrainment
data of horizontal and inclined flows oblained from
the literature. The model was validated against a
variety of data sets from the literature and reasonable
agreement has been observed in some cases.

Several himitations of Chen’s model have revealed.
Besides the using of imphicit parameters for
prediction, the entrainment fraction is under predicted
for large vatues of Repr.

New parameters for the entrainment fraction
variation with pipe inclination have been found. The
entratnment fraction shows a linear trend with the
inclination angle at same values of X*  Several
Explicit dimensionless parameters such as X*, Regg
and Reg have shown strong relation with the
entratnment fraction as shown in Fig. 11. These
explicit parameters can be used fo predict the effect
of pipe inchnation on the entrainment fraction as
shown in Fig. 10. A simple correlation has been
developed based on the lincar relation of the
entrainment fraction and the pipe inclination at
constant X* (Eq. 24). Comparing with Chen model
this correlation shows better agreement with Qusaka
et al. (1996) data.

Appendix A: Statistical
parameters in Table 3

Average relative error,

N
H

é;'l pers ———:— ,63,!‘ -
N

(A-1)

Absolute average relative error,
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(A-2)

Standard deviation about average relative error,

i N

Z;(em ""51)1

£, = | {A-3)
’ N1
Average actual error,
i N
gy = )8 {A-4)
iy\‘f i=i
Absolute average actual error,
1 N
& =— lel. (A-5)
N5
Standard deviation about average actual error,
3 2
2le—z)
sl
£ = | A (A-6)

N-1

In the above expressions, N is the total number of
data points and €, ; ande,, are the relative error and

actual error, defined by:

. FE,C{H' - FEX_Mﬂz

T F 1E,Mea i.’ AP
& = Fy e = Frnal. (A-8)
Nomenclature

C = droplet concentration

D = pipe diameter

€ = gIror

Fe = entrainment fraction

Fr = Froude number

K = simplified coefficient

k = enfrainment and deposition coetficient




L = measurement distance from entrance a = surface tension
1 = characteristic length T = shear sfress
N = total number of data points W = coefficient in the entrainment model
R = atorpization and deposition raie Subscripts
Re = Reynolds number A = atomization
S = interfacial perimeter I = gas core
s, = ideally stratified interfacial perimeter . - critical
v = velocity D = deposition
W = mass flow rate d = droplet
We = Weber number E - entraimment
Greek Letters 13 = Tiquid film
o = liquid film thickness G = gas phase
P = function indicator I = interface
18] = pipe circamferential wetted fraction L = liquid phase
i = visCosity max = maximum
6 = pipe inclination angle SG - superficial gas
P - density SL = superficial lLiquid
References
b, Al-Sarkhi, A. and Hanratty, T.J., 2002. “Bffect of Pipe Diameter on the Drop Size in a Horizontal Annular
Gas-Liquid Flow,” Intemational Journal of Multiphase Flow, 28 (10} pp. 1617-1629.
2. Andreussi, P., and Azzopardi, B.J,, 1983, “Droplet Deposition and Interchange in Annular Two-Phase
Flow,” International Journal of Multiphase Flow, 9(6), pp. 681-695.
3. Asali, 1L.C, 1984, “Entrainment in Vertical Gas-Liquid Annular Flow,” PhDD Dissertation, University of
{liznois at Urbana, Champaign,
4. Azzopardi, B.J, Zaidi, S.H., Sudlow, C.A., 1996, “The Effect of I inclination on Drop Sizes in
Annular Gas-Liquid Flow”. Euaropean Two-phase flow group meeting, Grenoble, 2-5 June.
5. Chen, X. “Droplet-Homophase Interaction Study.” TUFFP ABM (Mar. 20054}, 135-186.
6. Chen, X. "Droplet-Homophase Interaction (Development of an Entrainment Fraction Meodel),” TUFFP

ABM (Oct. 2005b), 149178,

Dallman, J.C., 1978, “Investigation of Separated Flow Model in Annular Gas-Liguid Two-Phase Flow,”
Phid Dissertation, University of Hlinois at Urbana, Champaign,

277




0.

1L

12,

13.

14,

15

16.

17,

18.

19.

240.

2L

22.

23.

Deryabina, O.N., Semenenko, V.F,, and Medvedev, A E., 1989, “Distributicn of the Liquid Phase in
Dispersed-Annular flow,” Therma! Engineering, 36{12), pp. 61-64.

Enber, J., Gerendas, Schifer, O., and Wittig, S, 2602, “Droplet Entrainment from a Shear-Driven Liquid
Wall Film in Inclined Ducts: Experimental Study and Correlation Comparison,” ASME Joumal of
Engincering for (Gas Turbines and Power, Transactions of ASME, 124, pp. 874-880. :

Grolman, E., 1994, “Gas-Liquid Flow with Low Liguid Loading in a Shghtly Inclined Pipes,” Fh.D.
Bissertation, U. of Amsierdam, The Netherlands.

Hay, K.C., Ly, Z. C,, Hanratty, T.J. 1996. “Relation of Deposition Rate to Drop Size When the Rate Law
is Non-Linear”. Infernational journal of multiphase flow 22, pp. 829-848.

Hutchinson, P, and Whalley, P.B., 1973, “A Possible Characterization of Entrainment in Annular Flow,”
Chemical Engineering Science, 28, pp. 974-975.

Ishii, M., and Grolmes, M.A_, 1975, “Inception Criteria for Droplet Entrainment in Two-Phase Concurrent
Film Flow,” AIChE Journal, 21(2), pp. 308-318.

Ishii, M., and Mishima, K., 1989, “Droplet Entrainment Correlation in Annular Two-Phase Flow,”
Intemational Joumal of Heat and Mass Transfer, 32(10), pp. 1835-1846.

James, P.W., Hewitt, G.F., and Whalley, P.B., 1980. "Droplet Motion in Two-Phase Flow,” UKAEA
Report AERE-R9711.

Lance, M., and Bataille, 1., 1991, “Turbulence in the Liguid phase of a uniform bubbly air-water flow.” L
Fluid Mech., 222, 95-118.

Nossen, J., Shea, RH., and Rasmussen, J,, 2001, “New Developments in Multiphase Flow Modelling and
Field Bata Verification,” Proc. of ETCE 2001, ETCE2001-17130, Feb 5-7, Houston, TX.

Okawa T., Kitahaa T., Yoshida K., Mstsumoto T., and Kataoka I, 2002, “New Entrainment Rate
Correlation i Annular Twe-Phase Flow Applicable to Wide Range of Flow Condition,” International
Joumal of Heat and Mass Transfer, 45, pp. 87-98.

Oliemans, RV, Pots, B.F.M,, and Trompe, N., 1986, “Modeling of Annular Dispersed Two-phase Flow in
Vertical Pipes,” International Journal of Multiphase Flow, 12(5), pp. 711-732.

QOusaka, A, and Kariyasaki, A., 1992, “Distribution of Entrainment Flow Rate for Air-Water Annular Two-
Phase Flow in a Horizontal Tube,” JSME International Journal, 35(2), pp. 334-360.

Qusaka, A., Nagashima, T., Karvyasaki, A., 1996, “Effect of Inclination on Disinibution of Entrainment
Flow Rate in an Inclinmed Upward Annular Flow,” Transactions of the Japan Seciety of Mechanical
Engineers, Part B, v 62, n 600, p 2950-2956.

Owen, D.G., Hewitt, G.F., and Bott, TR., 1985. “Equilibrium Annular Fiows at High Mass Fluxes: Data
and Interpretation,” PCH PhysicoChemical Hydrodynarnices, 6(1/2), pp. 115-131.

Paleev, LI, and Filippovich, B.S., 1966. “Phenomena of Liquid Transfer in Two-Phase Dispersed Annular
Flow,” International Journal of Mass Transfer, 9, pp. 1089-1093.

. Pan, L. and Hanratty, T.J., 2002 “Correlstion of entramment for annular flow in horizontal pipes,”

International Journal of Multiphase Flow, 28, (3}, pp. 383-408.

. Paras, SV, and Karabelas, A1, 1991, “Droplet Entrainment and Deposition i Horizontal Annular Flow,”

International Journal of Multiphase Flow, 17(4}, pp. 455-468.

27%




vl
o

b
~d

29,

30.

3L

32,

33.

Schadel, S.A., 1988 “Atomization and Deposition Rates in Vertical Annular Flow,” PhD Brissertation,
University of Iinols at Urbana, Champaign.

. Stmmons, M. I, Hanratty, T.J., 2001. “Droplet Size Measuremenis in Horizontal Annular Gas—-Liquid

Flow” International Journal of Multiphase Flow, 27(3), pp. 861-883,

- Sugawara, S., 1990. “Droplet Deposition and Entrainment Modeling Based on the Three-Fluid Model,”

Nuclear Engineering Design, 122, pp. 67-84.

Tatterson, D.F., Dallman, §.C, and Hanratty, T.J., 1977 “Drop Sizes m Annuelar Gas-Liquid Flows,” AIChE
1., 23(1) 68-76.

Tayebi, D, Nuland, S., and Fuchs, P., 2000. “Droplet Transport in Oil/Gas and Water/Gas Flow at High
Gas Densities,” International Journal of Multiphase Flow, 26, pp. 741-761.

Wallis, G.B., 1968. “Phenomena of Liquid Transfer in Two-Phase Dispersed Annular Flow,” Isternational
fournal of Heat and Mass Transfer, 11, pp. 783-.

Williams, L.R., 1990. “Effect of Pipe Diameter on Horizontal Annular Two-Phase Flow,” PhD
Dissertation, University of IHlinois at Urbana, Champaign.

Zhang, H.Q., Wang, Q., Sarica, C., and Brill, }., 2003, “Unified Model for Gas-Liquid Pipe Flow via Slug
Dynamics. Part 1. Model Development,” Journal of Energy Resources Technology, Transaction of ASME,
125(4), pp. 266-273,

]
-~
B




Table 1. Databank of Entrainment Fraction for Vertical Annular Flow.

Source D (m) 8% Fhud Data Points
) ) Alr/Water
HARWELL 0.006 ~0.0318 it 728
Steam/Water
Deryabina et al. (1989 0.013~0.032 G0 Air/Water 66
Fore and Dukler (1993) 0.0508 a0 Air/Water 20
Owen et al. (1985) 0.03175 90 Air/Water 49
Schadel (1985} 0.0254 ~ 0.042 90 Air/Water 59

Table 2. Databank of Enteainment Fraction for Horizontal and Inclined Flow.

Source D (m) () Fhud Data Points
Dallman (1978) 0.0231 0 Air/Water 137
Laurinat (1982) 0.0508 0 Air/Water 73

Ousaka el al. (1992) 0.026 0 Alr/Water 12
Qusaka et al. (1996} 0.026 0~75 AdrfWater 60
Paras et al. (1991} 0.0508 0 Alr/Water 17
Tayebi et al. (2000) 0.1 0 S;?g@;r 21
Williarns (1990 0.0953 0 Alr/Water 19

Table 3. Error Analysis Statistic Parameters for Entrainment Prediction Models.

Orientation Maodel £1 g £ £ £5 £g
Chen (2003) 0.124 1 0331 0.673 | -0.005 | 0.087 | 0.1469
Vertical
Oliemans {1986) 0.195 | 0336 | 0.695 0.019 | 0.081 6.101
Chen {2005 0398 | 0464 | 0778 0062 | 0.094 @ 0.109
Hornzontal
Paleev and )
8 . 1.5 8 . 2
Filipovich (1966) 148 1.56 4.51 11.8 0.165 | 8206
Chen (2005) 0473 1 0682 1.08 0.014 | G067 | 6.083
Inchined o .
Fquation 24 0.003 1 0315 1 0789 | -0.043 | 0054 | 0.091
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Predicted Entrainment Fraction
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Figure 2. Predicted vs Measured Entrainment Fraction for Horizonial Stratified and Annular Flow by Chen Meodel.
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Fluid Flow Projects

Up-scaling Studies in Multiphase
Flow

Al-Sarkhi, Abdel

Advisory Board Meeting, November 6, 2007

A IO S0~ S, e S A e gt g I U e WG g
RECCS AT 2 3

¢ Objectives

¢ Introduction

¢ 6 in. Diameter High Pressure Facility
é Time Table

¢ Proposed Initial Project

% Fiuid Flow Projects Advisory Board Meeting, Novermber £, 2007
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Objectives

é Investigate Effect of Pipe Diameter
and Pressure on Multiphase Flow
Behavior

é Verify and Improve Models /
Correlations Against New Data

% Eluic Flow Projects Advisory Board Meeting, November 6, 2067

Introduction

é Pressure and Pipe Diameter Affect
Flow Behavior in Multiphase Flow
Significantly

é Most of Investigations are for Low
Pressure and Small Diameter
Conditions

% Fluid Flow Projects Advisory Board Meeting, November &, 2007
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High Pressure Facility
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% Fluid Flow Projects Advisory Board Meeting, November 6, 2007

é Gas Phase - Tulsa City Natural Gas
¢ Oil Phase - Tulco Tech-80 Mineral Oil
é Water Phase - Tulsa City Water

% Fledd Flow Projects Advisory Board Meeting, Movember 6, 2007
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Flow Pattern Maps
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] Fuid Fiow Projects Advisory Board Meeting, November 6, 2057

Operatmg Range

¢ Operating Pressure = 500 psig
& Vg max=0.7 M/s; vgq o =10 m/s
¢ f,, Between 0 and 100 %

¢ Gg max = 18 MMSCFD

® 4 nax = 200 GPM

¢ Separator 54" x 10" @ 600 psig

% Fluid Flow Projects Advisory Board Mesting, November . 2007
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Test Section

L R e e g ;
Total Flow Loop Length = 523 = 180 m
Inclined Part Length = 287 ft = 87 m
20 upward = 3 m
Existing flow loop 15 measurement section 18 downward = 1.5 m

e

Large Bend
15 # Radius

287 ft

2 measurement seclion

%?g Fluid Flow Projects Advisory Board Meeting, November 6, 2067

Flow Loop Layout and Space
Available (Dimensions in Feet)
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% Fluid Flow Projects Advisory Board Meeting, November &, 2087
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Basic Instrumentation

Pressure Capacity
(psig) (6 in. pipe)
Gas Fiow Rate 600 18 MMSCFD
Water Flow Rate 600 200 GPM
il Flow Rate 500 200 GPM
Differential Pressure 300 0-50in 1,0
Pressure 660 0~ 800 ps1
Temperature 500 0-1006 °C
Quick closing valves 600 6 in. 1D

1 Fuid Flow Projects

Advisory Board Meeting, November 6, 2067

# Component Capacity Cost (K 8)
H Compressor 18 MMSCFD 240

2 | Heat Exchanger | 720,000 BTU/HR/Pass 16

3 Chiller 60 ton 36

4 Safety Valves 2 2

5 Water pumnp 200 GPM 20

6 Oif pump 200 GPM 20

7 Separator 34" x 10 x 600 36

8 Water tank 1200 galion 33

9 Ol tank 1200 gatlon 33

10 Test section 6-in. 1D, 540 fit 20

% Fhuid Flow Projects Advisory Board Mesting, November 6, 2007
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Capital Cost Analysis

# Component Capacity Cost (K §)
11 Gas flow rate 18 MMSCFD 20
12 Water flow rate 200 GPM 20
13 Oil flow rate 200 GPM 20
14 Diff, pressure 8- 50 H.O(8) ]
15 Pressure 0 -- 800 psi (8) 5
16 Temperature 0-100 C (& 5
i7 QCV 6 in ID (5) 10
I8 Power generator 500 KW 63
19 ¢ Steel structure/Tilting 50
20 Pressure regulator 13 {(il, Water & Gas) 3
21 Concrete Slab 600 ftby 6 A1 30
Total 714

gg Fluid Flow Projects

Advisory Board Meeting, November 8, 2007

Time Table

M G R g g

T s e R e

Completing time/ or
Tasks Status required time
Quotation & Order Under way November 30, 2007
Engineering Design, Review 8-10 weeks
Equipment Manufacture
Compressor Quiote R. 28 -30 weeks
Pump Quote U. 13 weeks
Heat Exchanger Quote R. 15 weeks
Chiller Quote R. 15 weeks
Separator Quote R. 14 weeks
Tank Quote R, 15 weeks
Power Generator Quote R. 16 weeks
Construction June 30, 2008
Catibration & Shake Bown Tests Nov. 50,2008

1 F1uid Flow Projects

Advizory Board Meeling, Novermnber 6, 2607




Proposed Initial Project

¢ Investigation of 2 phase Low Liquid
L.oading at High Pressures

é Investigation of 3 phase Low Liquid
Loading at High Pressures

@ Fiuid Flow Projects Advisory Board Meeting, November 6, 2067

Up-scaling Studies

B L A R M e

Comments
&
Suggestions

%ﬁ% Fhiid Flow Projects Advisory Board Meeting, November &, 2007
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Upscaling Studies in Multiphase Flow

Al-Sarkhi Abdel

Objectives

Scaling up of small dismeter and Jow pressure resulis
to the large diameter and high pressure conditions is
very importani in multiphase flow research studies.
Studies with a large diameter facility would
significantly improve our understanding {(and
modeling) of flow characteristics in actual field
conditions. Therefore, our main objective in this
project is to be able to investigate the effect of pipe
diameter and pressures on flow behavior using a large
diarmeter and high pressure flow loop.

Introduction

Gas-liquid pipe flow characteristics, such as flow
patterns, pressure drop and liquid holdup, have been
mostly investigated with small-diameter pipes (2 or 3
in.} and low pressure conditions (lower than 100
psig). Two-phase flow behavior in large diameter
pipes, under high pressure condition is different from
those under these experimental conditions. It is
imporiant to validate the applicability of the models
with experimental results obtained for conditions
similar to those experienced in the real field.

A new facility with large pipe diameter and high
pressure was proposed at the last ABM. With this
facility, the effects of pipe diameter and pressure on
two-phase and three-phase flow behaviors can be
investigated. Experimental data from this facility can
be used 1o evaluate the existing models and
correlations. New models and closure relationships
can be developed if needed.

The New Flow Loop

Fluids

The facifity is designed for gas-oil-water three-phase
flow. The Tulsa City Natural gas is the gas phase.
Tuleo Tech-8G Mineral o1l and Tulsa City water are
the liguid phases.

Experimental Setup

The facility is composed of gas, oal, water system and
separation svstems and test section. The operating

pressure will be 500 psig. The flow loop length will
be 5323 fi approxamately. The last section will have
the ability 0 be inclined 2° upward and 1* downward.
The mclined section starts at a distance of 236 ft from
the pipe inlet.

The inclinable section length will be 287 ft
approximately. The L/D ratio at the beginning of the
inclination pari of the pipe will be around 472, The
test section of the inclined pipe will be 100 ft away
from the pipe outlet which makes the L/D ratio on the
inclinable section only (from starting point of the
inclined section) around 374 to ensure a fully
developed flow.

The schematic of the facility with all its componenis
is shown in Fig. 1A, Fig. 1B shows the layout and
the space available for the flow loop. Fig. 1C shows
the location and details of the inclinable part.

Operating Conditions Range

Fiow pattern maps have been generated using Bamea
model with two water cuts (0 % and 100%) for a 6 in.
pipe at 300 psig system operating pressure as shown
in Fig, 2. The operating range of the facility can be
decided based on the flow pattern maps.

The maximum superficial gas velocity will be 10 m/s
at 500 psig. The maximum superficial Hquid velocity
will be 0.7 m/s with water cut from 0 to 100%. With
these superficial velocities, the flow patterns will be
mainly stratified flow and intermittent flow.

Gas, Oil, Water and Separation
Systems

According to maximuin gas and liquid superficial
velocities, the capacities of compressor, pumps,
separator, heat exchanger, chiller and tanks can be
decided. For the compressor, the design flow rate,
discharge and suction pressures are 18 MMSCFD,
500 psig and 400 psig, respectively. For the pumps,
the design flow rate js 200 GPM with the same
discharge and suction pressures as for compressor.
The volume of ol tapk and water tank should be
1200 gallons and have pressure rating of 600 psig.
The dimenstons of the cyhindrical three-phase
separator will be 60" x 20'. The separator will have a
pressure raiing of 600 psig.




Heat Exchanger & Chiller

Fased on the Sundyne compressor specification sheet
for the inlet condition 414 psia and 100 F, the outlet
condition will be 35137 psia and the outlet
temperature will be 138.2 °F.  There will be an
increase in the temperature of about 38 “F. A heat
exchanger must be designed and installed to fix the
gas temperature same as the inlet temperature (100
°F}. Based on all parameters summarized in Table 3
for the natural gas (Methane), a heat exchanger with
maximum (at maximum flow rate) heat duty of 210
KW (720,000 BTU/R) is required. A chilled water
must be provided to the heat exchanger. Based on the
maximurs operating condition, a 60 fon Chiller must
be used.

Test section

The inner diameter of test section will be 6 . A
proposed design of the test section is shown in Fig. 1.
With this design, the flow developing section wiil be
longer than exiting test section. The inclination angle
can be changed from -1 to 2 degree. Two
measurement sections will be made. The first one at
135 ft and the second at 440 £ from the entrance
which makes L/D to be 270 and 880, respectively.
To minimize the effect of pipe bend, a very leng bend
with 15 ft radius will be installed.

Basic Instrumentation

Flow rates for gas, oil and water phase will be
measured by Micro Motion flow meters separately.
Pressure and temperature will be measured by
pressure and temperature transducers, respectively.

298

Differential pressure transducezs will be mounted on
tho test section and developing section to measure the
pressure  gradient and fo  monitor the flow
development.

Using guick closing valves to measure the liquid hold
up in high pressure system, a frapped liquid
measurement vessel needs to be design to measure
the volume of the trapped fiquid.

More mstrumentation will be implemented depending
on the needs of the research project.

Capital investment

The design and construction of a high pressure and
large diameter facility is a very significant capital
investment for TUFFP. AH the equipment are being
shopped around and negotiated with supphiers. The
estimated costs for the three phase facilities are listed
in Table 1. Labor cost is not included.

Time Table

The completion of the design and construction of the
facility is expected to be ready to operate by
November 2008 (see Table 2). The most time
consuming item is the Compressor. Once the
compressor is ordered, it takes about 6-8 months to
receive the delivery.

Proposed Initial Project

Investigation of low liquid loading af high pressures
is proposed to be investigated as the first research
project for this facility.




Table 1. Facility Capital Cost Analysis (in $1000)

Component Capacity Cost Status
1 Compressor 18§ MMSCFD 240 Q. R,
2 Heat Exchanger 720,000 BTU/HR/pass 16 QR
3 Chiller 60 ton 15 Q. R
4 Safety Valves 2 2
5 Water Pump 200 GPM 20 Q.U
6 Qil Pamp 200 GPM 20 OU.
7 Separator 34" x 1 (@ 600 psig 36 Q. R
8 Water Tank 1200 gallon 33 R
9 Oil Tank 1200 gallon 33 Q. R
10 Test Section O0in 1D, 540 i 20
11 Gas Flow Metering 18 MMSCFD 20
12 Water Flow Metering 200 GPM 20
13 Qil Flow Metering 200 GPM 20
14 Differential Pressure {8) with proper range 8
15 Pressure (8} with proper range 5
16 Temperature 0-100 °C (%) 5
17 QCcv 61n 1D (5) 10
18 Power Generator SO0 KW 65 Q. R,
19 Steel structure/Tilting 560
20 Pressure Regulator 3 (oil, water & gas) 5
21 Concrete Slab 600 fiby S 1t 50 Q.U

Total § 714K

Q. R.: Qoute Received ; Q. U.: Qoute Underway.

Table 2: Time Table for Facility Construction

Completing Time/ or
Tasks Status required time
Quotation & order Under way November 30, 2007
Engineering design, review 8-10 weeks
Equipment manufacture
Compressor Q. R. 28 -30 weeks
Pump Q.U 13 weeks
Heat Exchanger QR 15 weeks
Chiller QR 15 weeks
Separator Q. R. 20 weeks
Tank QR 15 weeks
B Power generator QR 16 weeks
Construction June 30, 2008
Calibration & shake down tests Nov. 30, 2008
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Table 3: Methane properties and flow conditions for Heat Exchanger design

Methane properties

English Units

51 Units

Outlet Temperature , T 100 F 311 K
Intlet Temperature , T 138F 332K
Pressure, p 500 psig 3447379 K¥Pa
Methane critical point temperatue, Tc 3439 R 911K
Methane critical point pressure, Pc 673 psia 4.64 MPa
Compressibility factor, Z 0.935 0.95

Flow density

1.448329 Lh/FE

23.2 Kgm'

Mass flow rate at vgg =10 mi/s

9.325543 1b/s

423 Kgis

Specific heat of Methane at 300 K, Cp

0.532 BTU/Ibm-R

22537 KVKgK

Heat Exchanger heat duty per pass

720,000 BTUMHR

210 KW
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Figure LA, Schematic of high pressure facility
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Fluid Flow Projects

Unified Model and Computer
Program Updates

Holden Zhang

Advisory Board Meeting, November 6%, 2007

Outline

6 Objectlves

é Unified Model Testing
¢ TUFFPT — Demo

¢ Documentation

é Future Plan

% Fiuid Flow Projects Advisory Board Meeting, Nov. 6%, 20607

305




Objectives

¢ Develop Robust Computer Programs
Based on TUFFP Unified Models
» Unified Format — Inputs, Outputs, ...
» Easy Plug in Commercial Simulators
» Easy Use by Other Models — Heat Transfer,
Wax Deposition, Three-Phase Flow
¢ Develop Useful Tools for Members

> TUFFPT — Tulsa University Fluid Flow
Prediction Tools

@ Fluid Flow Projects Advisary Board Meeting, Nov. 6%, 2007

Unified Model Testing

s P U A it NS, Nt B AP Ml D BN, S S PG A AP e i

6 Two Phase Unified Model is being
Incorporated into Schilumberger
PIPEsim

é Fortran Codes Updated to PIPEsim
Programming Standards

» Two-Phase
» Three-Phase

é Many Communications with PIPEsim
Engine Developers

é Improved Program Convergence

é@ Fluid Fiow Projects Advisory Board Meeting, Nov. 8%, 2007
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Unified 2-P Model Harness Tests

é Ranges
» Vg, 1 0.001 - 100 ft/s
» Vgg: 0.001 - 300 ft/s
» 0: <90 — 90 degree
»>d: 0.5 ~50inch
# p,: 40 — 80 ibm/ft?
*p: 0.001 - 10,000 cp
> pg 0.005-0.04 cp
»o: 1.0 - 100 dynes/cm
» P:10.0 - 15,000 psia
»eld: 0.0-0.5

% Fiuid Flow Projects Advisory Board Meeting, Nov. &=, 2007

Unified 2-P Model Harness Tests ...

6 10,000 Cases Run
¢ Randomly Selected Flow Parameters

é Performances
»>Finished in 7 sec on a PC
»90% Convergence

\m‘%-m %’Q P S~ ‘ﬁv . A e I 'ﬁ va‘?\/)%

% Fluid Flow Projects Advisory Board Meeting, Nov. 8%, 2807
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Unified Model Testing

Rt e

6 Same Harness Tests Planned for 3-P
Unified Model

é Putting together 2-P and 3-P Databanks
for Model Verifications
» TUFFP Well Databank
» TUFFP Pipeline Databank
» Data Collected from Literature
> Recent New Data

% Fiuid Flow Projects Advisory Board Meeting, Nov, G, 2007

TUFFPT — Demo

é Four Features
» Flow Pattern
» Case Study
» Contour Plot
» Pipeline

§ Fluid Flow Projects Advisory Board Meeting, Nov. 8%, 2007
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TUFFPT ...

s A e e e SR i R i SNy S e N P VT A B Hin, e B

6 Flow Pattern

» Gas-Liquid Pipe Flow Pattern Maps
Predicted by Different Mechanistic
Models — Taitel & Dukler, Barnea and
TUFFP Unified

% Fluid Flow Projects Advisory Board Meefing, Nov. 6%, 2007

TUFFPT ...

é Case Study

» Show Multiphase Flow Change with Any
Input Parameter

» Compare Model Predictions with Lab or
Field Data

% Fluid Flow Projects Adviscry Board Meeting, Nov, &7, 2067
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TUFFPT ...
é Contour Plot

> Multiphase Flow Behaviors Visualized
on 2-D Map against Gas and Liquid Flow
Rate Changes

» Easy to Find Abnormal Points or Areas

gg Fluid Flow Projects Advisory Board Meeting, Nov. 6, 2067

TUFFPT ...

é Pipeline

» Hydrodynamic and Thermal
Calculations of Multiphase Flow along a
Pipeline or Well

> With or without Heat Transfer

% Fhaid Flow Projects Advisory Board Meeting, Nov. 6%, 2007




Standard /O Format

S S e, OO SN AR T IV DR S e W G B et i it e,

¢ Will be Used for All within TUFFP for
»Experimental Data Collections
»Comparisons with Model Predictions

% Fiuid Flow Projects Advisory Board Meeting, Nov. 6, 2007

Documentations

e o TR tﬁﬂﬂ,.&:ﬁﬁ I

é Living Document — Modeling
Methods
»All Basic Equations and Closure
Relationships in Current Model

»Two-phase Model as Part of Three-
phase Model

% Fluid Flow Projects Advisory Board Meeting, Nov. 6%, 2007




Documentations ...

é Modification History

»Document All Improvements in Models
and Computer Programs

gg Fluid Flow Projecis Advisory Board Meefing, Nov. &%, 2007

Future Plan

o “ﬁr = “6 U0 G R AR P R e

é Verzf:cattons of 2-P and 3-P Models with
Databanks

é Improve TUFFPT

é Continuously Improve Closure
Relationships in Unified Models

% Fluid Flow Projecis Advisory Board Meeting, Nav. 6%, 2007
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Ui rojects

2007 Questionnaire - Results

Al-Sarkhi Abdel

Advisory Board Meeting, November 5, 2007

+.+.2007 Questionnaire Results
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Top 10 Projects

P O T, e e e s P Gl S P T O T T R o T
. Rank | Rank
Research Title Score
# 26067 | 2006
1 | Gas-Di-Water Flow In Pipes o 75 1 E; 2
9 | Up-scafing Studies in Multiphase Flow O 74 2 %’ 3
5 | Effect of High Viscosily on Multiphase Flow Behavior Q 69 3 g, 1
2 | Cil-Water Flow o &8 48 3
12 Investigation of Four-Phase Solid, Water, Oil and Gas p 66 4 ‘g 8
Flow
a Unified Modeling of Multiphase Flows {Including Gas- o 85 5 g 1
Liguid, Gil-Water, Gas-Oil-Water Flows)
Three-Phase Flow in Near Horizontal Pipelines with Low
7 Oi-Water Loading o 63 6 § 5
15 | Investigation of Inversion Point in Qil-Water Flow P [11] ki g 5
11 Closure Relationship Study and Numerical Simulation of p 57 B § 7
Siug Flow
Multiphase Flow in Hilly Terrain Pipelines o 53 9 §, 5
%g Fluid Flow Projects Advisory Board Meeting, November 5, 2007

Questionnaire 2007

B R, N . D W O O . . - I IO S~ 0 e e S .

Comments
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Suggestions
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2007 Questionnaire Results
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Business Report

Cem Sarica

Advisory Board Meeting, November 6, 2007

Membership Status

R s Mgl 4;» e i, e wz; A S s

é Current Status

» Membership Stands at 18
417 Industrial and MMS
A ExxonMobil and JOGMEC Joined

» Efforts Continue to Increase

Membership
ABHP and Saudi Aramco Indicated Their
interest
E{%}? Fluld Fiow Projesis . Advisory Board Meeting, November 8, 2807
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Membership Status ...

O i A Y, O I OO e, B I N s W A e S A, il

¢ DOE Support
» Started June 2003
»$731,995 Over Five Years

» Gas-Oil-Water Flow Research

A Development of Next Generation
Muitiphase Prediction Tools

’gj Fluid Flow Projeets Advisory Board Meeting, November 8, 2007

Personnel Changes

é Dr. Qian Wang Accepted a Position
with ScandPower

» Effective June 25

> Served as Post Doctoral Research
Associate Over Six Years

%% Fluid Flow Projects Advisory Board Meeting, November §, 2067




Personnel Changes ...

é New Additions to Our Team

» DOr. Abdel Salam Al-Sarkhi
4+ New Research Associate of TUFFP
A Joined in June 2007

+ Associate Professor of Mechanical Engineering at
Hashemite University, Jordan

APh.D. from Oklahoma State

4 Post Doctoral Research Experience under
Professor Thomas J. Hanratty

4 Experience in Multiphase Flow

% Fluid Flow Projects Adviscry Board Meeting, November 6, 2067

Personnel Changes ...

G o S g o

é New Additions to Our Team ...
» Dr. Mingxiu (Michelle) Li

APh.D. in Bio-Fluid Dynamics from the
University of Edinburgh—-Department of
Mechanical Engineering in March 2007

4 M. Phil in Engineering Thermophysics
from Department of Energy and Power
Engineering of Xia'tong University in
China

4 Currently assigned to TUCoRE and
TUFFP projects

17 Fluid Flow Projects Advisory Boasd Meeting, Noversber 6, 2007
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Conferences

& SPE 2007 Annual Technical Conference &
Exhibition
» Anaheim, CA, Nov. 11 - 14, 2007

» Two Papers from TUFFP Research

Projects

A SPE 109591, Vielma, M., Atmaca, §., Zhang, H.
Q., and Sarica, C.: “Characterization of
Qil/Water Flows in Horizontal Pipes”

~  SPE 110221, Keskin, C., Zhang, H. 4., and
Sarica, C.: “Identification and Classification of
New Three-Phase Gas/Qil/Water Flow Patterns”

§ Fluid Fiow Projects Advisory Board Meeting, November 6, 2007

Next Advisory Board

Meetings

G g

M S0 M M 0 ol S, N,

24

s

¢ Tentative Schedule
» March - date to be determined — to follow DeepStar
meeting
A TUHFP Meeting
» April 21, 2008
A TUHOP Meeting
A TUFFP Workshop
A Facility Tour
A TUHOP/TUFFP Social Function
» April 22, 2008
4 TUFFP Meeting
A TUFFPITUPDP Reception
» April 23, 2008
A TUPDP Meeting
& ACAC, TU South Campus

%% Fiuid Flow Projects Advisory Board Meeting, Novernber §, 2607
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Financial Report

¢ Year 2007 Summary
» TUFFP Industrial Account
» TUFFP MMS Account
» TUFFP DOE Account

6 Year 2008 Proposed
» TUFFP Industrial Account
» TUFFP MMS Account
» TUFFP DOE Account

g Fiuid Flow Prolects

Advisory Board Meeting, November 8, 2007

2007 TUFFE Industrial Aceount Budges Semmary
{Prepared Getsher 22, 20873

Heserve Fund Botance aa Janeory |, 2987
Tncome for 2087

ZH0Y bfcnshership Fees (18 53 390,000 - exthudes My SEM LU0
62 Menrhrrship Fees (1 4 30.000;

£ A3060050
2047 Membuerchip Fees {1 G 50,608 53000056
Ustal Budger 3132424226
Projecicd Budget/fpraditures fir 2607
Expenses  Anticipand
Budger V22T 6T Expensas
BOEGL - 32,0504 116453
DD - EL3VIOE  S}ERMG
e EERS R A
SRABEOS 4LB3RA
15.605.50
9145
cipted Kestres Fund Badinie on Doremiber 31, 3647 § HTLI4RAS




2007 MMS Account Summary

i

{Frepared October 15, 2407y

Reserve Balance us of 12/35/45 £6,109.34
667 Badget 44, 606.00
Totat Budget F46,10084
Projected BudgetExpenditures for 7806
8947 Anficipated
Rudget Expenditures
Fi006  Shadents - Menthiy 25 &GO DT 2640000
9820G  Fda 4,232.60 12,388 00
41803 Tuiie S
Totial Anticipated Expenditures as of 123406 $39,833.66 $40,788.82
35,521.94

‘T'otat Anticipated Reserve Fund Balance as of E3HET

Advisary Beard Meeting, November 6, 2007

% Fluid Flow Projecis

2007 DOE Account Summary

¢Prepured fotobor 24, 2007 )

573199560

Award Aot
2495,383.17

Amonnt Tnvoleed (Fuae 1, 7803 - December 31, 2606)
8236,661.83

Fotal Budget
Projected BudgetExpesditures for 2066
2847
Anticipated
Projeeted 2667 Expenditares
£ 3 823045

5260 BP&A(FIH)
Totat Anticipated Expenditures sz of 123187

Antieipated Fopd Balanee e 310187 §  RhsEIE

Advisory Board Meeting, November 6, 2007
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2008 TUFFP industriai Account Budget Summary

iFrepmeed Doiober 25, 2E

Anticipated Reserve Fund Balance on Jonuary 1, 2888 EITY, TS
Inceme Tor 2008
2008 Anteipated Memborehip Fees 17 & 348 065 - sxoiu $516, 060 060

Total nceme 4,087 ,746.15

Expenditures Profected Budget
o T

Profog:
BeaT &

(G000
H0L600 0g
£50.00

4 G008
2,060
S04.60
2,500.00
5,006.50

Eng/Duplicating
Telecommanicali
sl BnsTriphonRs

watic

Traves - Eoreion

Entertainment {Advisory Board Mestings)

TuitoniStudent Fees 53,218.70

Censultants IBAGLE0

Culside Services 26,036.00

ingirect Costs (E5.68%) 127,359 15

Empioves Recriting 3,600.06

Equinment 00 80000

LG0T Computars 8,500.08
QEIGH Bank Charges 4306
Total Expenditures 5851, 87294

Anticipated Resarve Fund Balance on December 31, 2008 $235,873.11

2008 MMS Account Summary

(Prepared Geolober 268, 2607}

Account Balance - Jarmsary 1, 2008 $5,321.94
income for 2008
F008 Membershin Fee §$40,000.80
Remzining Baltance 845 321.94
2003 Anticipated Expendittres Projected Budget
GGG F .00
g .00

BHYHE-4a703
1800 Graduste Students
Frings Benefts {33%)

indirest Tissts (55.5%}

Total Expendiures 34,812 80
Anticipated Reserve Fund Batance on December 31, 2668 $505.14
§_§§ Fluid Fiow Projects Advisory Board Meeting, November 8, 2007
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2008 DOE Account Summary

Aveard Amount
Total Amount To Be invoiced
Hung 1, 7003 - December 31, 2807

Remaining Balance

2068 Anticipated Expenditures
93101-80103 Facully Seiarnies
BRECG-80800 Professional Sataries
BOTOO-$0T03 Stalf Suisries

S0 Giraduate Swdenis
Eat:ed Fringe Benelis (33%)
ey Fndirect Coats (51%)

Totsl Expanditures

Andicipated Reserve Fund Balance on December 31, 2008

gi Fluid Flow Projects

$741,985.00
$628,040.85
$102,054.15

Projected Sudget
GO0

$101,203.33

150,82

Advisory Board Meeting, November 6, 2007

History — Membership

b of Mumbass or 03 Price (8

[1 Fluid Flow Projects

Advisory Board Meeting, November 6, 2007
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History — Membership Fees

mbershipFes History

He

Figure i

Year

Advisory Board Meeting, November 8, 2007

§ Fiuid Flow Projects

History - Expenditures

Figure ¥ - ¥ostory of TUFFP Expendiures

sz gty

Year

Advisory Board Meeting, November 6, 2007

gg Fluid Flow Projecis
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Membership Fees

é 2007 Membership Dues
»15 of 18 Paid as of October 9th

% Fluid Fiow Projects Advisory Board Meeting, Nevember 6, 2007
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Introduction

This semi-annual report is submitted fo Tulsa
University Fiuid Flow Projects (TUFFP) members to
summmarize activities since the April 24, 2007
Advisory Board meeting and to assist in planning for
the next six months. It also serves as a basis for
reporting progress and generating discussion at the
69" semi-annual Advisory Board meeting to be held
at Allen Chapman Activity Center (ACAC) of the
University of Tulsa South Campus, Tulsa Oklahoma
on Thursday, November 6, 2007,

A facility tour will be held on November 5, 2007
between 3:00 and 5:00 p.m. Following the tour, there
will be a social between 6:00 and $:00 p.m. at
ACAC. The Advisory Board meeting will convene at
8:00 aun. on November 6% and will adjourn at
approximately 5:30 p.m. Following the meeting,
there will be a joint TUFFP and TUPDP reception
between 6:00 and 9:00 p.an. at President’s Lounge in
ACAC.

The Tulsa Umiversity Paraffin Deposition Projects
(TUPDP} Advisory Board meeting wifl be held on
November 7" at ACAC between 8:00 am. and 1:00

pm. Following the TUPDP meeting, the first Advisary
Board meeting of Tulsa University High Viscosity
Projects (TUHOP) will be held between 1:30 and 4:00
pa.  After the TUHOP meeting, there will be a joint
TUPDP and Tulsa University Hydrate Flow Performance
(TUHFP} Joint Industry Project (JIP) social function
between 5:30-8:00 p.m. at President’s Lounge in ACAC.
The TUHFP Advisory Board meeting will be held on
November 8% at ACAC between 8:00 a.m. and 2:00 pm.

The reception and the social function wiil provide an
opportunity for informal discussions among members,
guests, and TUFFP, TUPDP, TUHFP and TUHOP staff
and students.

Several TUFFP facilities will be operating during the
tour. An opportunity will also be available to view the
single-phase, multiphase, and small scale paraffin
deposition test facilities and the hydrate flow foop.

The following dates have tentatively been established for
Spring 2008 Advisory Board meetings. The Spring 2008
Advisory Board meetings will be held at ACAC.

2008 Spring Meetings

March Tuisa University Hydrate JIP

(date to be determined - to follow DeepStar meeting)

April 22, 2008

Tulsa University High Viscosity Qil Projects (T UHOP) JIP Meeting

Tulsa University Fhuid Flow Projects (TUFFP) Waorkshop

Faeility Tour
TUHOP — TUFFP Reception

| April 23, 2008

TUFFP — TUPDP Reception

April 24, 2008

Tulsa University Fluid Flow Projects (TUFFP) Advisory Board Meeting,

Tulsa University Paraffin Deposition Projects (T UPDP) Advisory Board Meeting
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Personnel

Dy, Cem Sarica, Protessor of Petroleum Engineering,
continues as Director of TUFFP and TUPDP and as
Co-Plof TUHOP.

Dr. Holden Zhang, Assistant Professor of Petroleum
Engmeering, serves as Pl of TUHOP and Associate
Dyirector of TUFFP.

Dr. Brill serves as a Research Professor of Petroleum
Engineermg on a part-lime basis.

Dr. Abdel Salam Al-Sarkhi is hired as the lead
research associate for TUFFP after lengthy search
process. Abdel has received a Ph.D. in Mechanical
Engmeenng from Oklahoma State University in
1999, Then, he spent twe years as post-doctoral
research associate at University of Illinois at Urbana-
Champaign under Professor Thomas J. Hanratty, He
has been & facully member of Mechanical
Engineering Department at Hashemite Universily in
Jordan since fall 2001. He has conducted several
research projects and published several peer reviewed
papers on multiphase flow in pipes in respected
Journals, Abdel is currently responsible from TUFFP
research projecis.

Effective June 2007, Dr. Qian Wang resigned her
position as Research Associate with TUFFP, TUPDP
and TUCoRE High Viscosity Project to take a job
with Scandpower USA. We wish her the best in her
future endeavors.

Dr. Mimgxiu {(Michelle) Li has been hired as to the
position vacated by Dr. Wang, Michelle received her
Ph.D. from The University of Edinburgh in Bio-Fluid
Dynamics — Department of Mechanical Engineering
it March 2007. She has an M. Phil in Engineering
Thermophysics from Department of Energy and
Power Engineering of Xia'Tong University.
Michelle is currently assigned to a couple of short
term TUCORE projects and various TUFFP projects.

Dr. Shejizo Du continues as a research asseciate with
TUCoRE  Tulsa  University High  Viscosity
Multiphase Project (TUHOP), TUPDP, and various
contract projects.

Dr. Hong Chen’s position with TUPDP has finally
been filied. I, Wei Shang joined the team in
September 2007, Dr. Wei has a PhD. from the
University  of  Saskatchewan  in Mechanical
Engineering. After hus graduation, he has conducted
and supervised research projects in Thermodynarnics-

Fluids Lab as a research associate working under
Professor Robert W. Besant at the same University.
Currently, Wel serves as the lead Research Associafe for
TUPDP.

Ms. Anais Mathieu, a Scholar funded by Totai, joined the
TUPDF team this October. She is currently working on
making TUWAX scfiware CAPE-OPEN compliant and a
research project in TUPDP.

Mr. Scott Graham continues to serve as Project Engineer.
Scott oversees all of the faciity operations and continues
to be the senior electronics technician for TUFFP and
TUPDP consertia and related projects,

Mr. Craig Waldron continues as Research Technician,
addressing our needs in mechanical areas. He also serves
as a flow loop operator for TUPDP and Health, Safety,
and Environment (HSE) officer for both TUFFP and
TUPDP, '

Mr. Brandon Kelsey's position as part fime technician
was upgraded to full time. Brandon is a graduate of OSU
Okmulgee with a BS degree in instrumentation and
automation degree.

Mrs. Linda Jones continues as Project Coordinator of
TUFFP, TUPDP and TUCoRE projects. She keeps the
project accounts in addition to other responsibilifies such
as external communications, providing computer support
for graduate students, publishing and distributing all
research reports and deliverables, managing the computer
network and web sites, and supervision of part-time office
help.

M. James Miller, Computer Manager, coniinues as
TUFFP/TUPDP Web Administrator. He is also serving
as flow loop operator for TUPDP.

Table 1 updates the current status of all graduate students
conducting research on TUFFP projects for the last six
monihs.

Mr. Bahadir Gekeal continues his PhIy. degree studies
conducting research on High Viscosity Two-phase Flow
research. He is concentrating his efforts on Slug Flow for
High Viscosity Two-phase Flow. Bahadir received a BS
degree in Petroleum and Natural Gas Engineering from
Middle East Technical University and an MS degree in
Petroleurn Engineening from The University of Tulsa,

Mr. Kwonil Choi is pursuing his PhDD degree in
Petroleum  Engineering.  He received B.S. degree in
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Metallurgical Engineering from Federal University of
Riv Grande do Sul in Brazml and M.S. degree i
Petroleum FEnginecring from State University of
Campinas {UNICAMP} in Brazil. Kwon Il has
extensive industry experience mostly with Petrobras.
He is fully supported by PETROBRAS. He is
conducting a research project titled *Lagrangian-
Fulerian Transient Two-phase Flow Model”.

Mr. Serdar Atmaca, from Twkey, 15 recently
completed his MS studies on oil-water flow m
inclined pipes as continuation of Maria Vielma’s
study. Serdar will start working for Schlumberger
Information Solutions immediately following the
Advisory Board meeling.

M. Hongkun (Tom) Pong, from Peoples Republic of
China, has also completed his MS studies on Three-
phase Low Liquid Loadiag Flow in Horizontal Pipes.
Tom will start working for ScandPower immediately
following the Advisory Board meeting.

Mr. Xiao Feng, from Peoples Republic of China,
received a BS degree in Petroleum Engineering from
China University of Geosciences with a distinction of
ranking first in his graduating class. Mr. Feng 1s
assigned to Three-phase Low Liquid Loading Flow
Project to continue the project for inclined pipe
configurations. He has helped Mr. Tom Dong during
this Summer in experimental studies.

Lrd
:

Mrs. Gizem Frsoy Gokeal, from Turkey, started her Ph.D.
degree studies. She is working on the project titled
“Multiphase Flow i Hilly Terrain Pipelines”. Gizem
received a BS degree in Petroleum and Natural Gas
Engineering from Middle East Technical University and
an MS degree in Petroleum Engineermng from The
Usniversity of Tulsa.

Three new MS students joined TUFFP team in August.
2007. Mr. Kyle Magrini, a US Naticnal, received a BS
degree in Electrical Engineering from The University of
Tuisa. Kyle has already completed his deficiency course
requirements in Petroleum Engineering and started to take
graduate courses towards his MS degree requirements.
He will be assigned a project after the Fall Advisory
Board meeting. Mr. Anoop Sharma, from India, has a BS
degree in Chemical Engineering from National Institute
of Technology Karnataka, India. He has also involved in
research at other universities such as Indian Institute of
Science, Banglore, India. He will be conducting a
research in three-phase multiphase flow area.  Ms,
Tingting Yu graduated in 2007 from China University of
Pewoleum (East China}, majored in Oil and Gas Storage
and Transportation. Tingting is now a teaching assistant
for the Petroleum Engineering Department.  She will be
working on a project investigating multiphase flow in
annulus and gas well unloading.

A list of all telephone numbers and e-mnail addresses for
TUFFP personnel are given in Appendix D,




Table 1

2007 Fall Research Assistant Status

Name Origin Stiperd Tudtion Degree TLUFFP Project Completion
Pursued Date

Serdar Atmaca Turkey Yes — Yes - MS-PE | Two-Phase Oil-Water Flow in | August 2007
TUFFP Waived Inchined Pipes

Kwon H Chot Brazil No - No - PhID.—PE | Lagrangian-Euolerian Transient | May 2008
Petrohras Petrobras Two-Phase Flow Model

Hongkun (Tom) Dong | PRC Yes- Yes - MS-PE | Three-Phase Gas-O1l-Water Augusi 2007
TUTFP TUFFP Low Liquid Loading Flow

Gizem Ersoy Turkey Yes— Yes - Ph.D. - PE | Multiphase Flow in Hilly May 2009
TUFEP TUFFP Terrain Pipelines

Xiao Feng PRC Yes — Yes— MS -~ PE { Three-Phase Gas-Oil-Water Decermber 2008
TUFFP TUFFP Low Liquid Loading Flow in

Inclined Pipes

Bahad# Gokeal Turkey Yes - Watved Ph.D.—PE | High Viscosity (il Multiphase | May 2009
TUFFP Flow Behavior

Kyle Magrini USA Yeos — Yes — MS -~ PE To be Assigned Fali 2009
TUFFP TUFFP

Anoop Sharma India Yes — Yes - MS—-PE | Three-phase Flow Fall 2004
TUFFP TUFFP

Tingting Yu PRC Partial - No-PE MS - PE Multiphase Flow in an Fall 2009
TUFFP Depart. Annulus and Gas Well
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Membership

The current membership of TUFFP stands at 17 | Our efforts to increase the TUFFP membership level
industrial  members and  Mineral Management continues. BHP has shown an interest in joining TUFFP
Services of Department of Intesior (MMS). n 200%.

Effective July 2003, DOE began supporting TUFFP | Table 2 lists all the current 2007 TUFFP members. A list
i the development of new generation multiphase | of all Advisory Roard representatives for these members

flow predictive tools for three-phase flow research. with pertinent confact information appears in Appendix B.
DOE’s support translates into the equivalent four | A detailed history of TUFFP membership is given in
additional members for five years. Appendix C.

Table 2

2007 Fluid Flow Projects Membership

Baker Atlas Minerals Management Service
BP Exploration PEMEX

Chevron Petrobras

ConocoPhillips Petronas

ExxonMobil Rosneft

JOGMEG Schlumberger

Kuwait Oil Company Sheil Global Sofutions
Landmark Graphics Tenaris

Marathon Oif Company Total

L
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Equipment and Facilities
Status

Test Facilities

The high viscosity two-phase flow loop is modified
to conduct Taylor Bubble velocity experiments. For
future studies, the modifications are being designed
to improve the phase separation.

Minor modifications are implemented to the three-
phase facility to facilitate the inclined oil-water flow
testing,

The low liquid loading facility modifications are
completed and the first experimental study is
completed,

Major modifications are planned for the 1,400 fi long
hilly terrain flow facility. The facility will be

converted to a three-phase facility by adding the
water phase. Separation, liquid storage, pumping and
meeting sections will be renewed. A new spill
containment plans will also be implemented.

We are carefully designing a high pressure (500 psi
operating pressures) and large diameter (6 in. ID)
facility. Location of the facility is identified and site
drawmngs are prepared.  Most of the required
equipment such as circulafing gas COINPressor,
cooler, hquid pumps, three-phase separator, and
storage tanks have been identified.

Detatled descriptions of these modification efforts
appear in the progress reports given in this brochure.
A site plan showing the location of the various
TUFFP and TUPDP test facilities on the Norih
Campus is given in Fig, 1.
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Financial Status

TUFFP maintains separate accounts for industrial and
.S, government members.  Thus, separate accounts
are maintained for the MMS and DOE funds.

As of October Oth, 2007, 15 of the 18 TUFFP
members had paid their 2006 membership fees, The
members who have not paid their membership fee
were informed, and we expect to be paid soon.

Table 3 presents a financial analysis of income and
expenditures for the 2007 Industrial member account
as of October 22, 2007. Also shown are previous
2007 budgets that have been reporied to the
members. The project industry income for 2007 is
$680,000 based on 17 industrial members. The
industry account reserve fund balance on December
31, 2006 is $644.242. The total industry account
expenditures for 2007 are projected to be §1,052,496.
The industry reserve account is expected to be
$271,746 at the end of 2007,

Table 4 presents & financial analysis of expenditures
and income for the MMS Account for 2007. This
account is used primarily for graduate student
stipendls. A balance of $5,322 wili be camied over 1o
2008,

Table 5 presents a financial analysis of expenditures
and income for the DOE Account for 2007. The
DOE Award is $731,993 over five years. The start
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date of the award was July 2003, A total of $134,548
will be spent in 2007, leaving an award balance of
$102,054 at the end of 2007,

The University of Tulsa walves up to 19 hours of
tuition for each graduate student that is paid a stipend
from the United States govermment, including both
MMS and DOE funds. A total of 55 hours of tuition
{equivalent of $38,000) was waived for 2007,

The DOE funding is ending by May 31, 2008. DOE
support has been around $140,000 per year over the
last five years. DOE funds allowed us t¢ increase our
activity by keeping the membership fee at the level of
$40,000 over three years. With the ending of DOE
support, the membership is increased o $48,000 for
2008. This is comparable to the other consortia
membership fees at TU, e.g. TUALP - $44,000
TUPDP - $50,000, TUDRP - $52,500.

Tables 6-8 present the projected budgets and income
for the Industrial, MMS, and DOE accounts for 2008,
The 2008 TUFFP indusirial membership s assumed
to stay st 17 in this analysis. This will provide
$816,000 of industrial membership income for 2008,
The sum of the 2008 income and the reserve account
is projected to be $1,087,746. The expenses for the
industrial member account are estimated to be
$851,873 leaving a balance of $§235,873. The MMS
account is expecied to have a carryover of $509.




Table 3: TUFFP 2007 Industrial Budget

(Prepared October 22, 2607)

Reserve Fund Balance on January 1, 2007
Income for 2007

2087 Membership Fees (13 @ $40,000 - excludes MMS)

2607 Membership Fees {1 42 30,000)
2007 Membership Fees (1 @ 50,000)

Total Budget

Projected Budget/Expenditures for 2007

90101 - 90110
94600 - 90604
SH760 - 90800

Faculty Salaries
Professional Salaries
Technician - Mitler

G1e00 Graduate Students - Monthly
51160 Students - Hourly

91800 Fringe Benefits (33%}
93106 General Supplies

93101 Resesrch Supplies

93102 Copier/Printer Supplies
93104 Computer Softwarg

93106 Office Supplies

93200 Postage/Shipping

93340 Printing/Duplicating
93400 Telecornmunications
93500 Membership/Subscriptions
93660 Travel

93601 Travel - Domestic

93602 Travel - Foreign

93606 Visa

93700 Entertainment (Advisory Board Meetings)
94803 Consultants

94813 Outside Services

95200 F&A (55.6%)

58901 Employee Recruiting
9001 Equipment

99002 Computers

99300 Bank Charges

818061 Tuition/Fees

81806 Graduate Fellowship

Total Expenditures

Anticipated Reserve Fund Balance on December 31, 2007

Budget
52,698.00
61,372.00
35,680.00
50,160.60
15,660.00
50,91G.83

3,000,006
100,000,00
500.00
4,000.00
2,000.00
500.00
2,000.00
3,000.00
1,600.60

14,000.00
10,000.00

16,0606.00

20,660.60
119,436.33
3,000.00
600,6006.00
8,000.00
40.00
30,306.00

Expenses
16/22/07
41,164.59
51,323.00
30,403.56
41,539.61
18,768.68
35,063.68

335543
71,012.77
162,84
924.2%
755.40
1,489.75
1,624.69
1,653.59
384.00
153.81
4,562.72
2,662.83
4,961.06
7,708.35
7,076.1t

102,081.29

2,904.41
17,209.66
18.00
34.250.00
51971

$1.196,563.16  $488,133.83

40

Anticipated
2007 Expenses
43,726 .37
38,873.70
36,752.74
46,584.67
22,600.00
46,384.67
4,060.00
83,000.00
250.00
1,000,060
1,000.06
1,600.00
2,200.00
2,000.00
500.00
153.81
14,000.00
2,062.83

16,000.00
10,791.69
10,600.00
115,613.24
4,600.00
482,600.00
20,600.00
18.00
34,250,060
034.39
$1,052,496.11

5644,242.26
$600,006.69

$30,600.60
$50,600.00

$1,324,242.26

$ 271,746,153




Table 4: TUFFP 2007 MMS Budget

(Prepared October 25, 2007)

Reserve Balance as of 12/31/06 $6,109.94
2007 Budget $40,0680.00
Total Budget $46,109.94
Projected Budget/Expenditures for 2006
2067 Anticipated
Budget Expenditures
91000 Students - Monthly 25,600.00 26,400.00
95200  F&A 14,233.60 14,388.00
81801  Twtion/Fees
Total Anticipated Expenditures as of 12/31/66 $35,833.60 $40,788.00
$5,321.94

Total Anticipated Reserve Fund Balance as of 12/31/07




Table 5: TUFFP 2007 DOE Budget

(Prepared October 24, 2007 )

Award Amount $731,995.00
Amount Inveiced (June 1, 2003 - December 31, 2006) $495,393.17
Total Budget $236,601.83
Projected Budget/Expenditures for 2006
2007
Anticipated
Projected 2007 Expenditures
90600  Professional Salary - Jones 8,281.00 8,250.48
90601  Professional Salary - Wang/Abdel 15,228.00 13,201.35
90602  Professional Salary - Graham 26,368.00 26,073.98
90702  Technician - Mechamical 3,037.00 2,968.53
91000  Graduate Students - Monthly 26,600.00 27.300.00
91800  Fringe Benefits (35%) 18,520.00 17,078.23
95200 F&A (51%) 40,454.71 39.675.11
Total Anticipated Expenditares as of 12/31/87 $138,488.71 $134,547.68
Anficipated Fund Balance on 12/31/07 5 102,054.15
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Table 6: 2008 Projected TUFFP Industrial Budget

{Prepared October 25, 2007}

Anticipated Reserve Fund Balance on January 1, 2008
Income for 2008
2008 Anticipated Membership Fees (17 @ 348,000 - excludes MMS)

Total income

2008 Anticipated Expenditures
90101-80103 Facully Salaries
90600-90609 Professional Sataries
90700-50703 Staff Salaries
81000 Graduate Students
91100 Undergraduate Students
91800 Fringe Benefits (33%)
93100 General Supplies
83101 Research Suppiies
83102 Copier/Printer Supplies
3104 Computer Software
83108 Cffice Supplies
G3200 Posiage/Shipping
93300 Printing/fuplicating
93400 Telecommunications
93500 Memberships/Subscriptions
93601 Travel - Domestic
93602 Travel - Foreign
93700 Entertainment {(Advisory Board Meetings)
81801 Tuition/Student Fees
94803 Consultants
94813 Outside Services
95200 indirect Costs (55.6%)
98901 Emplovee Recruiting
99001 Equipment
98002 Computers
89300 Bank Charges

Total Expenditures

Anticipated Reserve Fund Balance on December 31, 2008

$271,748.15
$816,000.00
$1,087,746.15

Projected Budget
28,474 .98
96.,359.54
24,228.72
65,000.00
15,000.00
44,190.86

3.000.00
100,600.00
500.00
4,000.060
2,000.00
500.00
2,000.00
3,000.00
1,000.00
10,000.00
10,000.00
10,000.00
53,218.70
16,600.00
20,600.00
127,359.15
3,0006.c0
200,000.00
8,006.00
40.00

$851,872.94

$235,873.21



Table 7: TUFFP Projected 2008 MMS Budget

(Prepared Colober 26, 2007)

Account Balance - January 1, 2008 $5,321.94
Income for 2008
2008 Membership Fee $40,000.00
Remaining Balance $45,321.94
2008 Anticipated Expenditures Projected Budget
2010190103 Facully Salaries 0.00
90600-80609 Professional-Salaries .00
90700-90703 Staff Salaries .00
21600 Graduate Students 28,800.60
91800 Fringe Benefits (33%]) G.00
85200 Indirect Costs {55.6%) 16,012.80
Totat Expenditures $44,812.80
Anticipated Reserve Fund Balance on December 31, 2008 $509.14
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Table 8: TUFFP Projected 2008 DOE Budget

Award Amount $731,995.00
Total Amount To Be Invoiced
June 1, 2003 - December 31, 2007 $629,940.85
Remaining Balance $102,054.15
2008 Anticipated Expenditures Projected Budget
80101-80103 Facuity Salaries 0.00
90600-5080G9 Professional Salaries 38,168.27
80700-80703 Staff Salaries 10,469.41
91060 Graduate Students 7,006.G0
91800 Fringe Benefits {33%) 16,380.43
95200 indirect Costs (51%) 28,885.22
Total Expenditures $101,903.33

Anticipated Reserve Fund Balance on December 31, 2008 $150.82
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Miscellaneous Information

Fluid Flow Projects Short Course

The 33% TUFFP “Two-Phase Flow in Pipes” short
course offering is scheduled May 12-16, 2008. For
this short course to be self sustaining, at least 10
enrollees are needed. We urge owr TUFFP and
TUPDP membess to let us know soon if they plan o
enroll people in the short course,

BHR Group Conference on Multiphase
Technology

Sinee 1991, TUFFP has participated as a co-sponsor
of BHR Group Conferences on  Multiphase
Production. TUFFP personnel participate in
reviewing papers, serving as session chairs, and
adverfising the conference {o our members. This
conference has become one of the premier
international  event providing delegates with
opportunities  to  discuss new  research  and
developments, to consider innovative solutions in
multiphase preduction area.

6" North American Conference on Multiphase
Technology, supported by Neotechnology
Consultants of Calgary, Canada, New Technology
Magazine, SPT Group and TUFFP, is scheduled 1o be
held 4-6 of June 2008 in Banff, Canada. The
conference will benefit anyone engaged in the
application, development and research of multiphase
technology for the oil and gas industry, Applications
in the oil and gas industry will aiso be of interest to
engineers from other industries for which multiphase
technology offers a novel solution to their problems.
The conference wiil also be of particular value to
designers, facility and operations engineers,
consultants  and researchers from  operating,
contracting, consultancy and technology companies.
The conference brings together experts from across
the American Continents and Worldwide.

‘The scope of the conference includes variety of
subjects pertinent to Multiphase Production in both
technology development and applications of the
existing technclogies. Although the abstract deadline
passed, it 33 encouraged to submit lale abstracts. The
detaiied information about the conference can be
found in BHRg s (www.brharcup.com),

Publications & Presentations

Since the last Advisory Board meeting, the following
publications and presentations are made.
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I, Fan Y., Wang, Q., Zhang, H. Q., Sarica, C,,
and Danielson, T.: “A Model To Predict
Liquid Holdup and Pressure Gradient of
Near-Horizonial Wet-Gas Pipelines,” SPE
95674, SPE  Projects, Facilities &
Construction Jowrnal, June 2007,

2. Al-Safren, E. Sarica, C. Zhang, H. Q., and
Brill, P “Mechanistic/Probabilistic
Modeling of Slug Initiation i a Lower
Elbow of a Hilly Terrain Pipeline,” SPE
102254, Accepted for Publication in SPE
Production & Operations Journal 2007.

3. Al-Safran, E. and Sarica, C. “Experimental
Investigation of Two-phase Flow Behavior
at the Top Elbow of a Hilly-Terrain
Pipeline,” Proceedings of 13" International
Conference Multiphase Production 07,
Edinburgh, UK, June 13-15, 2007.

Paraffin Deposition Projects Activities

The third three year phase of TUPDP has been
started.  The studies concentrate on the paraffin
deposition characterization of single-phase turbulent
flow, oil-waier paraffin deposition, pas-oil-water
paraffin deposition,

TU CoRE Activities

The Center of Research Excellence (TUCoRE)
nitiated by Chevron at The University of Tulsa funds
several research projects on flow assurance topics.
TUFFP researchers are invelved in various TUCoRE
activities.  One such activity is on High Viscosity
Multiphase Flow (TUHOP). Chevron has provided
Tt to $380,000 for improvement of an existing high
pressure multiphase flow facility. Moreover, this
research is being leveraged by forming a Joint
Industry Project. Current members of the JIP are BP,
Chevron and Petrobras.

Two-Phase Flow Calendar

Several technical meetings, seminars, and shont
courses mvolving two-phase flow in pipes are
scheduled for 2007 and 2008, Table 9 lists meetings
that would be of interest to TUFFP members.




Table 9

Meeting and Conference Calendar

2008

March TUHOP Spring Advisory Board meeting, Tulsa, OK
Date to be deternumed — to follow DeepStar meeting.

Aprit 22 TUFFP Spring Workshop, Tulsa, OK

April 23 TUFFP Spring Advisory Beard meeting, Tulsa, OK

Apni 24 TUPDP Spring Advisory Board meeting, Tulsa, OK

May 5 - & Offshore Technology Conference, Houston, Texas

May 1116 Deepwater — The Way Forward, Phuket, Thailand

May 12— 16 TUFFP Short Course

June 4 - 6 2008 BHRg’s Multiphase Technology 2008, Banff, Canada

August 10— 14 8™ International Symposium on Numerical Methods for Muliiphase Flows — 2008
ASME Fhuids Engineering Conference, Jacksonville, Florida

Septembc;r 4 -7 Offshore Europe, Aberdeen, Scotland

September 21 - 24 SPE Annaal Technical Conference and Hxhibition, Denver, Colorade, USA

December 3 -5 International Petroleum Technology Conference, Kuala Lumpur, Malaysia
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Appendix A

(v

10,

138

12

13.

14,

i6.

Fluid Flow Projects Deliverables'
“An Experimental Study of Oil-Water Flowing Mixtures in Horizontal Pipes,” by M. 5. Malinowsky
{1975},

"Evaluation of Inclined Pipe Two-Phase Liquid Holdup Correlations Using Experimental Data,” by C. M.
Palmer (1973).

"Experimental Evaluation of Two-Phase Pressure Loss Correlations for Inclined Pipe,” by G. A. Payne
(1975).

"Experimental Study of Gas-Liguid Flow in a Pipeline-Riser Pipe System,” by Z. Schmidt (1976).
"Two-Phase Flow in an Inclined Pipeline-Riser Pipe System,” by S. Juprasert (1976).

"Orifice Coefficients for Two-Phase Flow Through Velocity Controlled Subsurface Safety Valves," by J. P.

Brill, H. D. Beggs, and N. D. Sylvester (Final Report to American Petroleum Institute Offshore Safety and
Anti-Pollution Research Committee, OASPR Project No. 1; September, 1976).

"Correlations for Fluid Physical Property Prediction,” by M. E. Vasqguez A. (1976).
"An Empirical Methed of Predicting Temperatures in Flowing Wells,” by K. J. Shiu (1976).

"An Experimental Study on the Effects of Flow Rate, Water Fraction and Gas-Liguid Ratio on Air-Qil-
Water Flow in Horizontal Pipes,” by G. C. Laflin and K. D, Ogleshy (1976).

"Study of Pressure Drop and Closure Forces in Velocity- Type Subsurface Safety Valves," by H. D. Beggs
and J. P. Brill (Final Report to American Petroleum Institute Offshare Safety and Anti-Pollution Research
Committee, OSAPR Project No. 5; July, 1977).

"An Experimental Study of Two-Phase Oil-Water Flow in Inclined Pipes,” by H. Mukhopadhyay
{September 1, 1977).

"A Numerical Simulation Mode! for Transient Two-Phase Flow in a Pipeline,” by M. W. Scoggins, Ir.
{October 3, 1977).

"Experimental Study of Two-Phase Slug Flow in a Pipeline-Riser Pipe System,” by Z. Schmidt {1977),

"Drag Reduction in Two-Phase Gas-Liquid Flow," {Final Report to American Gas Association Pipeline
Research Committee; 1977).

"Comparison and Evaluation of Instrumentation for Measuring Multiphase Flow Variables in Pipelines,”
Final Report to Atlantic Richfield Co. by J. P. Brill and Z. Schmidt {January, 1978).

"An Experimental Study of Inclined Two-Phase Flow," by H. Mukheriee (December 3¢, 1979),

: Completed TUFFP Projects ~ each project consists of three deliverables - report, data and software, Please see the
TUFFP website
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21

22,

24.

25.

27.

28.

29,

30.

31

32,

33.

"An Experimental Study on the Effects of Oif Viscosity, Muoxture Velocity and Water Fraction on
Horizontal Oil-Water Flow," by K. D, Oglesby (1979).

“Experimental Study of Gas-Liquid Flow in a Pipe Tee,” by §. E. Johansen (1979},
"Two Phase Flow in Piping Componenis," by P. Sookprasong (1980),

"Evaluation of Orifice Meter Recorder Measurement Errors in Lower and Upper Capacity Ranges," by L
Fujita {1980},

"Fwo-Phase Metering,” by 1. B. Akpan (1980).

"Development of Methods to Predict Pressure Drop and Closure Conditions for Velocity-Type Subsurface
Safety Valves," by H. D. Beggs and J. P. Brill {Final Report to American Petroleum Institute Offshore
Safety and Anti-Peollution Research Committee, OSAPR Project No. 10; February, 1980).

"Experimental Study of Subcritical Two-Phase Flow Through Wellhead Chokes," by A, A, Pilehvan (April
20, 1981).

"Iavestigation of the Performance of Pressure Loss Correlations for High Capacity Wells,” by L. Rossland
(1981).

"Design Manual: Mukherjee and Brill Inclined Two-Phase Flow Correlations,” (April, 1981},

"Experimental Study of Critical Two-Phase Flow through Wellhead Chokes," by A. A. Pilehvari (June,
1981).

"Experimertal Study of Pressure Wave Propagation in Two-Phase Mixtures,” by S. Vongvuthipornchai
(March 16, 1982).

"Determination of Optimum Combination of Pressure Loss and PVT Property Correlations for Predicting
Pressure Gradients in Upward Two-Phase Flow," by L. G. Thompson (April 16, 1982).

"Hydrodynamic Model for Intermittent Gas Lifting of Viscous Oils," by O. E. Fernandez (April 16, 1982).
“A Study of Compositional Two-Phase Flow in Pipelines,” by H. Furukawa (May 26, 1982).

"Supplementary Data, Calculated Results, and Caleulation Programs for TUFFP Well Data Bank," by L. G.
Thompson (May 25, 1982).

"Measurement of Local Void Fraction and Velocity Profiles for Horizontal Skug Flow." by P. B. Lukong
(May 26, 1982},

"An Experimental Verification and Modification of the McDonald-Baker Pigging Model for Horizontal
Flow.” by S. Barua (June 2, 1982},

"An Investigation of Transient Phenomena in Two-Phase Flow," by K. Dutta-Roy (October 29, 1982),
"A Study of the Heading Phenomenon in Flowing Oif Wells,” by A. . Torre (March 18, 1983},
"Liguid Holdup 1in Wet-Gas Pipelines,” by K. Minami (March 15, 1983},

"An BExperimental Study of Two-Phase Oil-Water Flow in Horzontal Pipes,” by S, Arirachakaran (March
31, 1983
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38,

44,

41.

42,

43.

a4

45,

46.

47.

48.

49,

50.

st

53,

34,

55

58,

"Simulation of Gas-Oil Separator Behavior Under Slug Flow Conditions,” by W. F. Giozza (March 31,
1933).

"Modeling Transient Two-Phase Flow in Stratified Flow Pattern,” by Y. Sharma (July, 1983},

"Performance and Calibration of a Constant Temperature Anemometer,” by F. Sadeghzadeh {August 25,
1983}

"A Study of Plunger Lift Dynamics,” by L. Rosina {October 7, 1983).

"Evaluation of Two-Phase Flow Pressure Gradient Correlations Using the A.G.A. Gas-Liquid Pipeline
Data Bank." by E. Caetano F. (February 1, 1954},

“T'wo-Phase Flow Splitting in a Horizontal Pipe Tee,” by O. Shoham (May 2, 1984).

“Transient Phenomena in Two-Phase Horizontal Flowlines for the Homogeneous, Stratified and Annular
Flow Patterns," by K. Dutta-Roy (May 31, 1984}

"Two-Phase Flow in a Vertical Annulus,” by E. Caetano F. (July 31, 1984).
"I'wo-Phase Flow in Chokes," by R. Sachdeva (March 15, 1983).

"Analysis of Computational Procedures for Multi-Component Flow in Pipelines,” by J. Goyon (June 18,
1985).

"An Investigation of Two-Phase Flow Through Willis MOV Wellhead Chokes,” by 1. W. Surbey (August
6, 1985).

"Dynamic Simulation of Slug Catcher Behavior,” by H. Genceli (November 6, 1985),
"Modeling Transient Two-Phase Slug Flow," by Y. Sharma (December 10, 1985).

"The Flow of Oil-Water Mixtures in Horizontal Pipes,” by A. E. Martinez (April 11, 1986).
"Upward Vertical Two-Phase Flow Through An Annulus," by E. Caetano F. (April 28, 1986).
“Two-Phase Flow Spliting in a Horizontal Reduced Pipe Tee,” by G. Shoham (July 17, 1986).
"Horizontal Slug Flow Modeling and Metering," by G. E. Kouba (September 11, 1986).
"Modeling Slug Growth in Pipelines," by S. L. Scott (October 30, 1987).

"RECENT PUBLICATIONS" - A collection of articles based on previous TUFFP research reports that
have been published or are under review for various techaical journals (October 31, 1986),

"TUFFP CORE Software Users Manual, Version 2.0, by Lorri Jefferson, Florence Kung and Arthur L.
Corcoran HI (March 1989)

"Simplified Modeling and Simulation of Transient Two Phase Flow in Pipelines,” by ¥, Taitel (April 29,
1988).

"RECENT PUBLICATIONS" - A collection of articles based on previous TUFFP research reports that
have been published or are under review for various technical journals (April 19, 1988).
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60.

64,

63,

66.

67.

68,

69,

70.

71.

72.

13.

74.

76.

7.

78.

9.

50.

81

82.

"Severe Slugging in a Pipeline-Riser System, Experiments and Modeling,” by S. 1. Vierkandt (November
1988},

"A Comprehensive Mechanistic Model for Upward Two-Phase Flow," by A. Ansari {Drecernber 1988),
“Modeling Slug Growth in Pipelines” Software Users Manual, by S. L. Scott (fune 1989

"Prudhoe Bay Large Diameter Slug Flow Experiments and Data Base System" Users Manual, by S. L.
Scott (July 1989},

"Two-Phase Slug Flow in Upward Inclined Pipes”, by G. Zheng (Dec. 1989),
"Elimination of Severe Slugging in a Pipeline-Riser System,” by F. E. Jansen (May 1990).

"A Mechanistic Model for Predicting Annulus Bottomhole Pressures for Zero Net Liquid Flow in Pumping
Wells,” by . Papadimitriou {May 1990).

“Evaluation of Siug Flow Models in Horizontal Pipes,” by C. A. Daza (May 1990).
"A Comprehensive Mechanistic Model for Two-Phase Flow in Pipelines,” by [. J. Xiao (Aug. 1990).
"Two-Phase Flow in Low Velocity Hilly Terrain Pipelines,” by C. Sarica (Aug. 1990).

“Two-Phase Slug Flow Splitting Phenomenon at a Regular Horizontal Side-Amm Tee,” by S. Arirachakaran
{Dec. 19903

"RECENT PUBLICATIONS" - A collection of articles based on previous TUFFP research reports that
have been published or are under review for various techaical journals (May 1991}.

"Pwa-Phase Fiow in Horizontal Wells," by M. Thara (October 1991).

"Two-Phase Slug Flow in Hilly Terrain Pipelines,” by G. Zheng (October 1991).

"Slug Flow Phenomena in Inclined Pipes," by 1. Alves (October 1991).

"Transient Flow and Pigging Dynamics in Two-Phase Pipelines,” by K. Mirami (October 1991},
"Transient Driff Flux Madel for Wellbores,” by O. Metin Gokdemir {November 1992).

"Slug Flow in Extended Reach Directional Wells," by Héctor Felizola (November 1992).

"P'wo-Phase Flow Splitting at a Tee Junction with an Upward Inclined Side Amm," by Peter Ashton
(November 1992).

"T'wo-Phase Flow Splitting at a Tee Junction with a Downward Inclined Branch Arm," by Viswanatha Raju
Penmatcha (November 1992),

" Annular Flow in Bxtended Reach Directional Wells,” by Rafael Jose Paz Gonzalez (May 1594).

"An Fxperimental Study of Downward Slug Flow in Inclined Pipes,” by Philippe Roumazeiiles {November
1994}

"An Analysis of Imposed Two-Phase Flow Transients i Horizontal Pipelines Part-1 Experimental
Results," by Fabrice Vigneron (March 19953
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"Iavestigation of Single Phase Liguid Flow Behavior in a Single Perforation Horizontal Well,” by Hong
Yuan {March 1995).

“1993 Data Documentation User’s Manual”, (October 1995).

“Recent Publications” A collection of articles based on previous TUFFP research reports that have been
published or are under review for various technica! journals (February 1996).

“1695 Final Report - Transportation of Liguids in Multiphase Pipelines Under Low Liguid Loading
Conditions”, Final report submitied to Penn State University for subcontract on GRI Project.

“A Unified Model for Stratified-Wavy Two-Phase Flow Splitting at a Reduced Tee Junction with an
Inclined Branch Arm”, by Srinagesh K. Marti (February 1996},

“Oil-Water Flow Patterns in Horizontal Pipes”, by José Luis Trallero (February 1996).

“A Study of Intermittent Flow in Downward Inclined Pipes” by Jede Yang (June 1996).
“Shug Characteristics for Two-Phase Horizontal Flow™, by Robert Marcane (November 1996).
“Oil-Water Flow in Vertical and Deviated Wells”, by José Gonzalo Flores (October 1997}

“1997 Data Documentation and Software User’s Manual™, by Avni S. Kaya, Gerad Gibson and Cem Sarica
{November 1997},

“Investigation of Single Phase Liquid Flow Behavior in Horizontal Wells”, by Hong Yuan (March 1998),

“Comprehensive Mechanistic Modeling of Two-Phase Flow in Deviated Wells” by Avni Serdar Kaya
{December 1998).

“Low Liquid Loading Gas-Liquid Two-Phase Flow in Near-Horizontal Pipes”™ by Weihong Meng (August
1999).

“An Experimental Study of Two-Phase Flow in a Hilly-Terrain Pipeline” by Eissa Mohammed Aj-Safran
{August 1999).

“Oil-Water Flow Patterns and Pressure Gradients in Slightly Inclined Pipes” by Banu Alkaya (May 2000).

“Siug Dissipation in Downward Flow - Final Repor{” by Hong-Quan Zhang, Jasmine Yuan and James P.
Brill {October 2000},

“Unified Model for Gas-Liguid Pipe Flow - Model Development and Validation” by Hong-Quan Zhang
(January 2002).

“A Comprehensive Mechamstic Heat Transfer Model for Two-Phase Flow with High-Pressure Flow
Pattern Validation” Ph.D. Dissertation by Ryo Manabe (December 2001},

“Revised Heat Transfer Model for Two-Phase Flow” Final Report by Qran Wang (March 2003).

“An Ixperimental and Theoretical Investigation of Slug Flow Characteristics in the Valley of a Hilly-
Terrain Pipeline” Ph.D. Dissertation by Eissa Mohammed Al-safran (May 2003).

“An Investigation of Low Liquid Loading Gas-Liguid Stratified Flow in Near-Horizontal Pipes”™ Ph.D.
Dissertation by Yonggian Fan,
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“Severe Slugging Prediction for Gas-Oil-Water Flow in Pipeline-Riser Systems,” M.S. Thesis by Carlos

Andrés Beliran Romero (2003)

“Droplet-Homophase Interaction Study (Development of an Entrainment Fraction Model) ~ Final Report,”
Xianghuit Chen (2005}

“Effects of High Ol Viscosity on Two-Phase Oil-Gas Flow Behavior in Horizontal Pipes™ M.S. Thesis by
Bahadir Gokeal (2005)

“Characterization of Oil-Water Flows in Horizontal Pipes” M.S. Thesis by Maria Andreina Vielma Paredes
(2006)
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2007 Fluid Flow Projects Advisory Board Representatives

Baker Atlas

Dan Georgi

Baker Atlas

2001 Rankin Road
Houston, Texas 77073

Datong Sun

Baker Atlas

2001 Rankin Road
Houston, Texas 77073

Phone: {713) 625-5841 Phone: (713) 625-5791

Fax: {713} 625-6793 Fax: (713) 625-6795

Email,  dan.georgi@bakeratlas.com Eroall:  datong.sun@bakeratlas.com
BP

Official Representative & UK Contact
Phil Sugarman

BP

Upstream Technology Group

Chertsey Road

Sunbury-on-Thames, Middlesex TW 16 7LN
England
Phone:
Fax:
Email:

{44 1 932) 762882
{44 1 932) 763178
sugarman(@bp.com

US Ceontact

George Shoup

BP

11700 Old Katy Read, Suite 150
Houston, Texas 77079

Phone: (281) 388-8797

Fax: (281)249-7686

Email:  shoupgj@bp.com

Tl
7

Alternate UK Contact

Paul Fairhurst

BP

Flow Assurance Engineering - UTG
Building B

Chertsey Road

Sunbury en Thames, Middlesex TW16 7TLN
England

Phone: (44 1932) 774818

Fax: (44 7 787) 105183

Email: fairhucpi@bp.com

Andrew Hali

BP

Pipeline Transportation Team, EPT
1H-54 Dyce

Aberdeen, AB21 7PB
United Kingdom

Phone:

(44 1224} 8335807

Fax:

A

Fmail: halla%@bp.com




Chevron

Lee Rhyne

Chevron

Flow Assurance Team

1500 Louisiana Street

Houston, Texas 77002

Phone: {932) 854-7960

Fax: (932} 854-7900

Email: leerhynei@chevron.com

Jeff Creck

Chevron

1500 Louisiana Street
Housion, Texas 77002
Phone: (832) 854-7937
Fax: (832) 834-7%00
Email:  leref@chevron.com

Sam Kashou

Chevron

1500 Louisiana Street

Houston, Texas 77002

Phone: (832) 854-3917

Fax: (8321 854-6425

Ematl:  samkashou@chevron.com

ConocoPhillips, Inc.

Tom Dantelson

ConocoPhillips, Inc.

600 N. Dairy Ashford

1036 Offshore Building

Houston, Texas 77079

Phone: (281)293-6120

Fax: {281) 293-6504

Email: tom.j.danielson@conocophillips.com

Richard Fan

ConocoPhillips, Inc.

600 N, Dairy Ashford

1052 Gifshore Building

Houston, Texas 77079

Phone: {(281) 293-4730

Fax:  (281)293-6304

Email:  yonggian.fan@conocophillips.com

Kris Bansal

ConocoPhillips, Inc.

1034 Offshore Building

600 N, Dairy Ashford

Houston, Texas 77079

Phone: (281)293-1223

Fax: {281) 293-3424

Fmail:  kris.m.bansali@conecophillips.com

Department of Energy

Betty Felber

National Petroleum Technology Office
Williams Center Tower One

One West Third Sireet, Suite 1400
Tulsa, Okdahoma 74108

Phone: (918) 699-2013

Fax:

Emall:  betty. felber@neti.dos.gov
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ExxonMobil

Don Shatic

ExxonMobil

P.O. Box 2186

Houston, Texas 77252-2189

Phone: {713)431-6911

Fax: {(713y431-6387

Email:  don.p.shatto/@exxonmobil.com

Hyong Ca

ExxonMobil

P. 0. Box 2189

Houston, Texag 77252-2189

Phone: (7133431-7608

Fax: (713)431-6387

Email:  jivong.cai@exxonmobil.com

JOGMEC

Tormoko Watanabe
JOGMEC

1-2-2, Hamada, Mihama-ku
Chiba, 261-0025 Japan
Phone: (8] 43) 2769281
Fax: {83 43) 2764063

Email:  wtanabe-tomoko@iogmec.go.jp

Masaru thara

JOGMEC

One Riverway, Suite 1030
Phone: (713} 622-0240
Fax: {7133 622-1330
Email: tharaf@jogmec.org

Kuwait Oil Company

Eissa Alsafran
Kuwat University
Fmail: eisa@kucO1 kuniv.edukw

Landmark Graphics

Rob Mitchell

Landmark Graphics

P. 0. Box 42806

Houston, Texas 77242-2806
Phone: (713) 839-3457
Fax:

Bmail:  rmitchell@lge.com

Robello Samuei

Landmark Graphics

P. 0. Box 42806

Houston, Texas 77242-2806
Phone: (713) 839-2997
Fax: (713) 839-2401
Email: rsamueif@lge.com

Marathon Oil Company

Rob Sutton

Marathon Oil Company

P. O. Box 3128

Room 3343

Houston, Texas 77253

Phone: (713) 296-3360

Fax: (713) 296-4259

Email:  rpsuttoni@marathonoil.com




Minerals Management Services

Sharon Butfington

Minerals Management Services
Technology Research Assessment Branch
381 Eiden Street

Mail Stop 2500

Hemndon, VA 20170-4817

Phone: (703) 787-1147

Fax: {703) 787-1555

Eymaik:  sharon buffington{@imms.gov

Pemex

Miguel Hernandez

Pemex

ler Piso Edificio Piramide

Blvd. Adolfo Ruiz Cortines No. 1202
Fracc. Oropeza CP

86030 Villahermosa, Tobasco,

Mexico

Phone:

Fax:

Email: mhernandezga@pep. pemex.com

Petrobras

Rafael Mendes

Petrobras

Cidade Universitaria -~ Quadra 7 ~ Itha do Fundao
CENPES/PDEP/TEEA

Rio de Janeirc 21949-900

Brazil

Phone: {3521) 38652008

Fax:

Fmail:  rafacl.mendes@petrobras.com.br

Marcelo Goncalves

Petrobras

Cidade Universitaria — Quadra 7 — Hha do Fundao
CENPES/PDEP/TEEA

Rieo de Janeiro 21949-900

Brazil

Phone: (5521) 38656712

Fax: 5521138656796

Fmail: marcelog@petrobras.com.br

Petronas

Zainun Yusof

Petronas

Process Engineering Group

Lot 3288 & 3289 Off Jalan Ayer ltam
Kawasan Institust Bangi

43000 Kajang, Selangor Darul Ehsan
Malaysia

Phone: (603) 89283347

Fax: {603} 892559702

Email:  zalnuny{dpeironas.com.ny
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Rosneft

Vitaly Krasnov

Rosneft Oil Company
Sofivskaya embankment 26/1
113998 Moscow

Russia

Phone:

Fax:

Email:  v_krasnovirospefiru

Vitaly Yelitcheff

Rosneft Oil Company
Sofivskaya embankment 26/]
115998 Moscow

Russia

Phone:

Fax:

Email:  vyetlitcheffi@rosnett.ru

Schiumberger

Mack Shippen
Schlumberger

5599 San Felipe

Suite 1700

Houston, Texas 77056
Phone: (713} 513-2332
Fax: (713) 513-2042
Email:  mshippen@slb.com

Shell Global Solutions

Move Wicks

Shel Global Solutions

3333 Highway ¢ South, Room E-1397
Houston, Texas 77082-310]

Phone: (281) 544.8495

Fax:

Email:  moye.wicks@shell.com

Tenaris
“Sergio Ferro Marcela Goldschmit
Sr. Researcher — Centre for Industrial Research Tenaris

Tenaris

Dr. Jorge A. Simini 250
(B2804MHA) Campana
Buenos Aires, Argenting
Phone: {54) 3489433012
Fax: (543 3489435310
Email:  sferrof@tenaris.com

Dr. Jorge A. Sirmni 250
{B2804MHA) Campana
Buenos Aires, Argentina

Phone:
Fax:
Email:  mgoldschmit@tenaris.com
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Alain Ricordeau Baljit Dhanm:
TOTAL TOTAL
Research and Technology Manager
800 Gessner, Suite 700
Houston, Texas 77024
Phone: {713)647-3504

Phone: {33 559) 836997 Fax: (713) 647-3662
Fax: Eraail:  baljit.dhami@total com

¥imail:  alain ricordeau@total.com

Jean Luc Volle

TOTAL

CSTIF Avenue Larribau

Pau Cedex, 64018

France

Phene: (33 559) 834034

Fax: (33 5593 834259

Email: jean-luc.volle@total.com
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Appendix C

History of Fluid Flow Projects Membership

1973

0.

i1

12

TRW Reda Pump

Permex

Getty Ol Co.
Union O1l Co. of California

Intevep

Marathon O1 Co.

Arco O1] and Gas Ca.
AGIP
(is Engineering Corp.

ConocoPhillips, Ing.

Mobi] Research and Development Corp,

Camco, Inc.

Crest Engineering, Inc.

Chevron

Aminotl

12 Jun. '72

15 Jun. 772

19 Jun. 72
7 Jul. 72

3 Aug. 72

3 Aug. 72

7T Aug. 72
6 Sep. 72
4 Oect. '72

5 Oct. 172

13 Oct. 7

23 Qet '72

27 Oct. 72

361

021 Oet. 77

T: 30 Sept. 86

R: Dec 97

Current

T: 11 Oct. "84 with sale to Texaco

T: for 2001

TR: from CVP in '77;
T: 21 Jan 05 for 2006

T: 17 May ‘83
R: 25 June 90
T: 14 Sept. ‘94
R: 3 June ‘97
Current

T: 08 Dec. ‘07
T: 18 Dec. 74
T:15 Oct. '82
T: Aug. 85
R: 5Dec.'86
Current

T: 27 Sep. 2000
T. 15 Jan. "76
R: 14 Mar. '79
T: 5 Jan. '84
1o 14 Nov, 78
R: 19 Nov. 79
T: 1 Jun, '84

Current




16, Compagnie Francaise des Petroles 6 Dee, '72 T: 22 Mar, '85
{(TOTAL} R: 23 Get. 90
T: 18 Sep. "01 for 2002
R: I8 Nov. 02
{urrent
17. 01l Service Co. of Iran 19 Dec. 72 T: 20 Dec. 79
18. Sun Exploration and Production Co. 4 Jan.'73 T: 25 Get. 7
R:13 Apr. 82
T: 6 Sep. 85
19. Amoceo Production Co. I8 May '73
(now as BP Amoco)
20. Witliams Brothers Engrg. Co. 25 May '73 T: 24 Jan. '83
1974
21. Guif Research and Development Co. 20 Nov, '73 T: Nov, '84
with sale to Chevron
22. El Paso Natural Gas Co. 17 Dec. 73 T: 28 Oct. 77
23. Arzbian Gult Exploration Co. 27 Mar. 74 T: 24 Oct. '82
24. ExxonMobil Upstream Research 27 Mar. 74 T: 16 Sep. '86
R: 1 Jan, '88
T: 27 Sep, 2000
R: 2007
Current
25, Bechtel, Inc. 29 May 74 T: 14 Dec. '76
R: 7Dec. 78
T: 17 Dec. '84
26. Saudt Arabian Oil Co. 1t Jun. 74 T: for 1999
27. Petrobras 6 Aug. 74 T for 2000
R: for 2005
Current
1975
28. ELF Exploration Production 24 Jul. 74 T: 24 Feb. '76
{now as TotalFina EID Tr. fom Aguifaine
Co. of Canada
19 Mar, 81
T:29 Jan. 'R7
R: 17 Dec. °91
29. Cities Service Onl and Gas Corp. 21 Oct. 74 T:250ct.'82

B 27 Jun, '84
T:22 Sep. '86




30. Texas Eastern Transmission Corp. 19 Nov. 74 T:23 Aug.'82
31 Aguitaine Co, of Canada, Ltd. 12 Dec. "74 T: 6 Nov, 80
32, Texas Gas Transmission Corp. 4 Mar. '73 T 7 Dec "8G
1976
33. Panhandie Eastern Pipe Line Co. 13 Oct. 73 T 7 Aug. '85
34. Phillips Petroleurs Co. 16 May 76 T: Aug 94
R: Mar 98
T: 2002
1
1977 |
35 N. V. Nederlandse Gasunie 11 Aug. '76 T:26 Aug, '83
36. Columbia Gas System Service Corp. 6 Oct. '76 T: 15 Oct. "85
37. Consumers Power Co. 11 Apr. 77 T: 14 Dec. '83
38. ANR Pipeline Co. I3 Apr. 77 TR: from Michigan- Wisconsin
Pipeline
Co, in 1984
T: 26 Sep. '84
39, Scientific Software-Intercomp 28 Apr. 77 TR: to Kaneb from Intercomp
16 Nov. 77
TR: to 8581 in June '§3
T:23 Sep. 86
46. Flopetrol/Johnston-Schlumberger 5 May 77 T8 Aug. '86
1978
41, Norsk Hydro a.s 13 Dec, 77 T: 5 Nov. '82
R: 1 Aug 84
T: 8 May 96
42. Dresser Industries Inc, 7 Jun. '78 T: 5Nov.'82
1979
43. Schio Petroleum Co. 17 Nov. "78 T 1 Oct. 86
44, Esso Standard Libya 27 Nov, 78 T: 2 Jun.'82
45, Shell Internationale Petroleum MIJ BV, 30 Jan. 779 T: Sept. 98 for 1999
(SIPM)
1980 [
46, Fluor Geean Services, Inc. 23 Oct. 79 T: 16 Sep. '82
47 Texaco 30 Apr. 80 T: 20 Sep. '01 for 2002
45, BG Technology {Advantics) 13 Sep. '80 T: 2003
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1981

49, Det Norske Veritas 15 Aug. 80 T: 16 Nov. '82
1982
50. Arabian 01l Co. Lid. I May '82 T: 0ct701 for 2002
51 Petro Canada 25 May '82 T:28 Oct. '86
52 Chiyoda 3 Jun. ‘82 T4 Apr *94
53 BP 7 Oct. '81 Current
1983
54, Pertamina 10 Jan. '83 T for 2000
R: March 2006
1984
55, Nippon Kokan K. K. 28 Jun. '83 T: 5 Sept. 94
36. Britoil 20 Sep. '83 T: 1 Qct. '88
57 TransCanada Pipelines 17 Nov, '83 T:30 Sep. '85
58. Natural Gas Pipeline Co. of America 13 Feb. '84 T:16 Sep. '87
{Midcon Corp.)
59, JGC Corp. 12 Mar. '84 T:22 Aug. ‘94
1985
60. STATOIL 23 Oct. '85 T:16 Mar, '89
1986
61. JOGMEC (formerly Japan National Oil 3 Oct. ‘86 T: 2003
Corp.) R: 2007
Current
1988
62. China National Oif and Gas Exploration 29 Aug. '§7 T:17 Jub. '89
and Development Corporation
63. Kerr McGee Corp. 8 Jul '88 T:17 Sept. 92
1989
64, Simulation Sciences, Inc. 19 Dec. 88 T: for 2001
1991
GS. Advanced Multiphase Technology 7 Nov. 90 T:28 Dec. 92
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66, Petrenas b Apr. *91 T 02 Mar. 98
R: 1 Jan 2001
Current
1992
67, Institwto Colombiane Del Petrolea 19 July *9] T: 3 Sep. "01 for 2002
68, Institut Franecais Du Petrole 16 July. 91 T: 8 June 2000
69. Oil & Natural Gas Commission of India 27 Feb, 92 T: Sept. 97 for 1998
1994
70. Baker Jardine & Associates Dec, 93 T:22 Sept. *95 for 1996
1998
71 Baker Atlas Dec. 97 Current
72. Minerals Management Service May, 68 Current
{(Pepartment of Interior’s)
2002
73. Schlumberger Overseas S.A. Aug. 02 Current
74. Saudi Aramcoe Mar. 03 T: for 2007
2004
75, YUKOS Dec. 03 T: 2005
76. Landinark Graphics Oct. 04 Current
2005
77. Rosneft July ‘05 Current
2006
78. Tenaris Current
79. Shell Global Cuarrent
8G. Kuwait Oil Company Current
Note: T = Terminated; R = Rejoined: and TR = Transferred
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Appendix D

Director
Cem Sarica

Associate Director
Haolden Zhang

Director Emeritus
James P. Brill

Project Coordinator
Linda M. Jones

Project Engineer
Scott Graham

Research Associates
Abdel Al-Sarkhi

Mingxiu (Michelle) Li
Research Technicians
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Craig Waldron
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Hongkun (Tom) Dong
Gizem Frsoy
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Anocop Sharma

Feng Xizo

Contact Information

(9183 631-3154
cem-sarica@utulsa.edu

{918) 631-3142
hong-quan-zhang@utulsa.edu

{918)631-5114
briii@utulsa. edu

(918} 631-5110
jones@iutulsa.edu

(9183 631-5147
sdgraham@utulsa.edu
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(918) 631-5107
michelle-lii@utnlsa.edn

(918) 631-5133
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(918) 631-5131
craig-waldron@utulsa.edu

(918) 631-53117
serdar-atmaca@utulsa.edu

{918) 631-5146
kwon-choi(@utulsa.edu

{918) 631-5124
hongkun-dongi@utulsa.edu

(918) 631-5124
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Tingting Yu
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